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Guest  Editor^s  Introduction 


Advanced  Materials  Technology 

The  ability  of  modern  naval  systems  to  withstand  a  wide  diversity  of  harsh 
environments,  from  the  depths  of  the  oceans  to  the  outer  reaches  of  space, 
depends  in  large  part  on  the  development  of  new  and  advanced  materials. 
Although  progress  in  this  technology  has  been  more  rapid  over  the  last  half 
century  than  at  any  time  in  recorded  history,  we  are  continually  challenged  by 
requirements  for  advanced  materials  with  properties  that  will  enhance  opera¬ 
tional  characteristics  such  as  range,  speed,  accuracy,  response  time,  altitude, 
readiness,  and  operability.  This  issue  of  the  Technical  Digest  describes  some 
of  the  ways  in  which  the  Naval  Surface  Warfare  Center  (NSWC)  Dahlgren 
Division  is  investigating  new  concepts,  new  methods  of  evaluation,  and  new 
applications. 

The  Dahlgren  Division  conducts  full-spectiiim  research,  development,  test 
and  evaluation  (RDT&E).  and  fleet  support  on  advanced  materials  and 
materials  processes  for  application  to  ordnance  and  weapon  systems.  We 
emphasize  various  core  technologies  such  as  advanced  ceramics,  warhead 
materials,  electrochemistry,  polymer  science,  acoustic  materials,  composites, 
magnetostrictive  materials,  semiconductor  materials,  thermal  management 
materials,  radiation  sensor  materials,  energetic  materials,  biotechnology, 
surface  science,  and  nondestructive  evaluation.  Spin-off  technologies  for  dual 
use  are  also  actively  pursued.  This  issue  of  the  Digest  includes  articles  on 
engineered  materials,  energetic  materials,  and  the  characterization  of 
materials. 


Engineered  Materials 

The  field  of  engineered  materials  —  that  is,  those  materials  designed 
specifically  for  a  given  application  or  class  of  applications  —  encompasses  a 
broad  spectrum  of  technologies  with  diverse  applications.  Materials  such  as 
plastics,  lightweight  alloys,  composites,  and  ceramics  play  increasingly  critical 
roles  in  every  area  of  modern  military  technology.  Plastics  offer  the  advan¬ 
tages  of  low  density,  corrosion  resistance,  ease  of  fabrication,  good  electrical 
and  thermal  insulating  properties,  color  selection  or  transparency,  and  in  some 
instances,  high  damping  characteristics  and  impact  and  shock  resistance.  A 
Technical  Digest  article  by  Hartmann  et  al.  addresses  the  technology 
developed  to  tailor  polyurethane  properties  so  as  to  obtain  a  very  wide  range 
of  acoustic  properties  in  a  known,  controllable  manner.  These  materials  are 
used  in  coatings  for  underwater  mines,  submarines,  and  sonar  domes. 
Commercial  applications  in  the  form  of  foams,  injection  molding,  and  rubber 
compounds  have  been  found  for  these  types  of  materials. 

Ceramics  and  composite  materials  provide  the  means  to  overcome  the 
extreme  environments  and  challenging  requirements  encountered  in  space,  in 
high-speed  mi.ssile  and  aircraft  .structures,  and  in  rocket  propulsion  systems. 
Our  work  in  these  areas  has  resulted  in  the  development  of  mullite  whiskers 


and  felt  as  reinforcements  for  radoines.  eirgine 
parts,  tactical  mi.ssile  launchers,  and  hot  gas 
rdtration  systems.  Talmv  et  al.  discuss  recent 
advances  in  low-cost  methods  of  processing 
ceramic  composites  based  on  the  development 
of  phosphate  bonding  for  the  matrix  material. 
The  authors  demonstrate  that  this  approach 
applies  not  only  to  missile  systems,  but  can 
also  he  u.sed  to  develop  building  materials  such 
as  bricks,  blocks,  and  tiles  from  fly  ash.  a  waste 
product  of  coal  combustion  in  electrical  plant.s. 


Since  the  mid-1940.s.  the  Division  has  been 
extensively  involved  in  RDT&E  of  advanced 
electrochemical  power  sources  (batteries)  for 
naval  weapons.  Virtually  every  naval  weapon 
system  requires  electrical  energy  to  perform 
one  or  more  of  the  complex  functions  of  target 
detection,  fuzing,  countermeasures,  ignition, 
deployment,  guidance,  control,  and  propulsion. 
Over  the  years,  we  have  co-developed  with 
industry  a  number  of  advanced  batteries  for 
mines,  mi.ssiles.  projectiles,  bombs,  rockets, 
sonobuoys.  and  torpedoes,  including  tho.se 
currently  in  the  fleet.  Smith  and  James  pre,sent 
an  article  on  recent  advances  in  high-energy, 
rechargeable  lithium  power  sources  under 
development  as  an  alternative  for  current  state- 
of-the-art  silver  oxide/zinc  cells  used  for 
underwater  vehicle  propulsion.  The.se  batteries 
are  expected  to  increa.se  significantly  the  range 
of  these  underwater  vehicles. 

One  of  our  priorities  is  the  development  of 
new  materials  such  as  tung.sten.  aluminum 
composites,  and  tantalum  for  use  in  weapon 


systems.  Tungsten  is  an  important  element  of 
many  high-strength  superalloys  used  in  pro¬ 
jectiles  and  as  preformed  fragments  in  anti- 
mi.ssile  warheads.  Mansour  and  Vasanth  have 
investigated  \V-\i-Fe  alloys,  and  di.scuss  in 
their  article  the  attributes  of  x-ray  absorption 
rum-structure  spectroscopy  for  determining  the 
effect  of  composition  in  the  corrosion  charai> 
teristics  of  tungsten  superalloys  exposed  to 
seawater  simulation.  They  conclude  that  the 
corrosion  products  are  similar  to  those  of  Fe_.0;,. 
The  chemistry  and  structure  of  Ni  in  the 
corroded  alloys  are  similar  to  tho.se  of  metallic 
Ni.  and  the  tungsten  component  of  the  alloy  is 
least  affected  by  the  corrosion  process.  This 
Finding  will  contribute  to  developing  more 
corrosion-resistant  superalloys. 

Aluminum  alloys  have  been  the  traditioiu! 
choice  of  low-cost  material  for  missile  air 
frames,  torpedo  hulls  and  mines.  Divecha  et  al. 
di.scuss  the  development  of  a  low-cost  process 
for  producing  large-diameter  tubes  of  silicon 
carbide  aluminum  matrix  composites,  resulting 
in  signiFicantly  increased  strength  and  stiffness 
compared  to  conventional  aluminum  alloys. 
Becau.se  of  its  high  density,  tantalum  is  being 
investigated  for  possible  use  in  explosively 
formed  projectiles  for  warheads.  ).  Clark  and 
Garrett  elaborate  on  the  role  of  processing  in 
controlling  the  preferred  orientation  of  grains. 
They  describe  the  development  of  an  advanced 
processing  schedule  that  produces  tantalum 
with  strong  crystallographic  orientation  to 
achieve  optimum  material  performance. 

The  Division's  early  re.search  in  magnetic 
materials  focicscd  primarily  on  magnetic 
influence  sensors  for  mines.  The  resulting 
materials  acquired  "NOL"  names  (for  Naval 
Ordnance  Laboratory,  now  the  Division's  White 
Oak  Detachment)  such  as  ORTHONOL. 
PARABONOL.  THERMONOL.  and  BISMANOL. 
From  this  rapid  evolution  of  new  materials 
came  new  magnetometers,  ordnance  locators 
and  magnetic  amplifiers.  This  early  work  also 
resulted  in  the  development  of  the  soft  mag¬ 
netic  materials  used  in  such  military  and 
commercial  applications  as  electronics,  trans¬ 
formers.  motors,  signal  proces.sors.  memories, 
recorders,  and  .sen.sors.  Some  later  R&D  efforts 
are  just  now  starting  to  mature,  with  the 
potential  of  sweeping  advances. 

An  article  by  A.  E.  Clark  de.scribes  a  new 
generation  of  magnetic  materials  with  appli¬ 
cation  to  military  sensors  such  as  sonar  trans¬ 
ducers  and  magnetometers,  as  well  as  commer¬ 
cial  sensors  u.sed  for  the  precise  measurement 
of  acceleration  and  strain.  These  new  magneto- 
strictive  materials  also  provide  an  experimental 
basis  for  studying  the  emerging  technology  of 
Chaos,  or  the  control  of  Chaos  in  complex 
systems.  One  immediate  spinoff  of  this 
technology  is  the  potential  control  of  chaotic 
heart  arrhythmia. 
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The  rapidly  expanding  Held  of  electronic 
circuitry  presents  new  opportunities  for  inno¬ 
vative  materials  researc;h.  The  growth  of 
fluorides  on  silicon  wafers,  for  example,  is 
receiving  considerable  attention  for  possible 
u.se  as  insulating  layers.  Chu  et  al.  de.scribe  the 
results  of  studies  on  the  growth  of  BaF^  on 
oriented  silicon  wafers  in  a  molecular  beam 
epitaxy  apparatus  under  ultrahigh  vacuum 
conditions.  They  found  that  the  quality  of  the 
epitaxial  insulating  film  is  a  direct  result  of  the 
interatomic  interactions  in  the  first  few  atomic 
layers  of  fluoride  deposition. 

The  final  article  in  this  .section  deals  with 
research  conducted  by  Rish  and  Pham  to 
develop  liquid  crystal  for  thermal  control  of 
insulated  suits  for  Navy  divers.  The  authors 
show  that  liquid  cry.stal  valves  allow  the 
thermal  conductivity  of  the  suit's  insulation  to 
be  varied  depending  on  the  ambient  water 
temperature  and  the  diver's  exertion  level. 

This  approach  effectively  insulates  the  diver  in 
extremely  cold  ambient  iemperatures.  but 
provides  an  outlet  (valve)  for  excess  heal  in 
warm  temperatures  and  during  high  levels  of 
exertion,  tnus  allowing  the  diver  to  remain 
under  water  longer. 


Energetic  Materials 

After  World  War  II.  the  Naval  Ordnance 
Laboratory,  White  Oak  assumed  responsibility 
for  the  development,  testing  and  evaluation  of 
explosive  molecules  and  compositions.  Our 
chemical  .synthesis  groups  have  been  respon¬ 
sible  for  the  synthesis,  scale-up  and  evaluation 
of  a  number  of  new  explosive  molecules.  Many 
of  these  molecules  augment  standard  explo¬ 
sives  such  as  HMX.  RDX  and  TNT,  providing 
special  capabilities  not  found  elsewhere.  The 
most  important  of  these  are  HNS.  TATB. 

DIPAM  and  DATB.  Developed  during  the 
1950s  and  1960s.  each  has  been  used  in  subse¬ 
quent  explosive  compositions  developed  for 
use  by  the  Navy,  other  military  services.  NASA, 
and  the  Department  of  Energy.  HNS  (hexani- 
trostilbene).  for  example,  was  first  used  in  an 
explosive  composition  developed  for  use  in 
NASA's  Apollo  moon  mi.ssions. 

The  early  compositions  belonged  to  the  HBX 
family  of  meltcast.  TNT-based  explosives. 
HBX-3.  the  first  explosive  composition  deve¬ 
loped  in  NOL.  is  used  as  the  main  charge  in 
many  Navy  underwater  mines.  H-6.  developed 
to  provide  maximum  airblast  and  fragmen¬ 
tation,  is  used  in  Mk  80  series  bombs,  demo¬ 
lition  charges,  mines,  and  warheads  for 
missiles  such  as  Talos.  Terrier.  Sparrow, 
Bullpup,  the  Standard  Mi.ssile.  and  Tomahawk. 
PBXN-10.1.  the  first  castable  PBX  explosive, 
con.sists  of  aluminum/ammonium  perchlorate 


with  an  energetic  plastic  binder.  It  was  deve¬ 
loped  to  increase  underwater  shock  energ>’  and 
energy  in  the  explosive  bubble  caused  by  the 
detonating  gases.  The  second  castable  PBX  was 
PBXN-105.  which  is  used  as  the  explosive  fill 
in  the  Navy's  Mk  48  heavyweight  torpedo. 

New  nanostructure  materials  are  being  inves¬ 
tigated  to  further  enhance  underwater  explo¬ 
sive  performance.  Beard  et  al.  di.scu.ss  one  such 
investigation  that  resulted  in  inc:rnasing  the 
energy  release  rale  from  an  additive  fuel  by 
using  nano-size  aluminum  particles  that  are 
consumed  in  fractions  of  microseconds. 

Typical  aluminum  particles,  on  the  other  hand, 
measure  tens  of  microns  in  size  and  require  a 
number  of  mic;ro.sec:onds  to  he  consumed  in  a 
detonation. 

As  explosive  compounds  become  more 
energetic  they  tend  to  become  more  sensitive. 
We  therefore  c:ontinue  to  explore  methods  of 
increasing  the  energy  while  dei:reasing  the 
sensitivity  of  these  compounds.  An  article  by 
Bardo  on  intercalated  materials  demonstrates 
theoretically  that  high-performance  explosive 
crystals  can  he  designated  with  direction  shuck 
sensitivity  properties  idenliried  with  specific 
crystal  axes.  Correct  use  of  this  directional 
.sensitivity  can  lead  to  less  sensitive  and  higher 
energy  compounds. 

Characterization  of  Materials  and 
Environmental  Effects 

Frequently,  advances  in  materials  develop¬ 
ment  and  utilization  precipitate  from  concur¬ 
rent  advances  in  the  ability  to  analyze 
materials.  The  past  decade  has  not  only 
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brought  ixnv  tochnologios  capablo  of  analyzing 
ohnmisirv  and  strucluro  down  to  lh«  atomic 
lovol.  hilt  it  has  also  provided  tremendously 
expanded  utilization  of  older  technologies  via 
computer  automation.  The  expansion  in  both 
sophi.stication  and  availability  of  advanced 
materials  characterization  technologies  is 
slowly  peeling  away  the  layers  of  the  myster¬ 
ious  "black  art"  often  associated  with  materials 
synthesis  or  performance.  Qccn.sionally  new 
materials  characterization  techniques  show 
that  previously  held  assumptions  concerning 
chemistry  or  structure  were  overly  simplistic 
or  invalid.  Several  Digest  articles  highlight  the 
clo.se  relationship  between  advanced  materials 
characterization  technologies  and  progre.ss  in 
materials  synthesis  and  utilization. 

Liu  and  Vernon  de.scrihe  an  electromagnetic 
technique  for  nondestructive  evaluation  of 
carbon-carbon  composites  used  in  naval 
strategic  weapon  .systems.  The  capability  of 
carbon-carbon  composites  to  retain  excellent 
mechanical  properties  and  dimensional  sta¬ 
bility  in  hostile  environments  makes  them 
prime  candidates  for  future  space  structures. 
Because  the  technique  allows  anomalies  to  he 
detected  early  in  the  material  proce.s.sing  stage, 
corrections  can  be  made  to  achieve  the  desired 
mechanical  propertie.s  in  braided,  thin-wall 
tubes  for  .satellites. 


Environmental  effects  can  degrade  materials 
whether  they  are  exposed  to  the  thin  atmo¬ 
sphere  of  space  or  the  corrosive  environment  of 
the  oi.ean.  Several  Digest  articles  addre.ss  tho.se 
environmental  effects  on  materials.  For 
example,  satellite  flights  by  NASA  in  the  early 
lt)80s  revealed  that  many  polymers  and  some 
metals  are  susceptible  to  surface  recession  from 
exposure  to  high  fluence  levels  of  atomic 
oxygen.  In  the  first  article.  Foltz  describes  the 
effects  of  oxygen  on  a  carbon-carbon  matrix 


material  and  a  space  mirror  made  of  foam 
metal,  both  of  which  were  flown  on  space 
shiittie  flight  STS-4B  in  )uly  1992.  The  .samples 
were  mounted  on  a  retrievable  platform  and 
were  returned  to  Earth  in  August  1992.  Post- 
flight  examination  revealed  that  carbon-carbon 
composites  are  indeed  susceptible  to  atomic 
oxygen  attack.  In  another  example.  Land  et  al. 
discicss  the  use  of  the  Division's  Van  de  Graaf 
ac:c:elerator  as  a  valuable  tool  for  ion  beam 
analysis  of  surface  and  near-surface  material 
.samples.  They  subjected  mirrors  intended  for 
space  applii:ation  to  a  simulated  space 
environment.  Ion-beam  analysis  showed  their 
susceptibility  to  damage. 

Relative  to  the  ocean  environment,  Jones- 
Meehan  et  al.  present  case  histories  of  micro- 
biologically  influenced  corrosion  of  copper  and 
monel  piping  material  used  in  seawater  piping 
sy.stems  on  surface  ships.  Using  environmental 
scanning  electron  mii:roscopy.  the  authors 
discovered  that  an  aerobic,  copper-tolerant 
bacterium  (isolated  from  copper-containing 
coating)  produced  large  amounts  of  extra¬ 
cellular  polymer  that  had  metal  binding  ability, 
thereby  resulting  in  a  fivefold  increase  in  the 
corrosion  rate  of  Cu  metal.  They  also  found 
that  anaerobic  bacteria  (sulfate  reducers)  selec¬ 
tively  dealloyed  nickel  from  copper  alloys, 
leaving  spongy,  copper-rich  pits.  This  research 
is  expected  to  pave  the  way  for  developing 
improved,  corrosion  resistant  materials  and 
protective  coatings. 

In  the  Pinal  article.  Chakrabarti  el  al.  discu.ss 
the  development  of  a  very  sensitive  dosimeter 
made  from  calcium  sulfate.  This  dosimeter 
may  be  u.sed  to  measure  an  individual's  expo¬ 
sure  to  a  nuclear  radiation  environment 
resulting  from  nuclear  powered  ships  and 
submarines.  The  authors  point  out  that  its 
robustne.ss  offers  the  potential  to  perform 
battlefield  dosimetry. 
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Polyurethane  Technology  Offers  Wide 
Range  of  Acoustic  Properties 

Bruce  Hartmann,  Gilbert  F.  Lee.  and  fohn  D.  Lee 


Scientists  at  the  Dahlgren  Division 's  White  Oak  Detachment 
have  developed  the  technology  to  tailor  the  properties  of 
polyurethanes  to  obtain  a  very  wide  range  of  acoustic  properties 
in  a  known,  controllable  manner.  For  example,  the  sound 
absorption  in  polyurethanes  has  a  maximum  value  that  can  be 
designed,  by  varying  molecular  weight  or  chemical  constituents, 
to  occur  anywhere  from  0. 1  Hz  to  1  MHz.  This  range  covers 
applications  from  motor  mounts  to  submarine  hull  coatings.  In 
addition,  the  material  can  be  formulated  to  have  very  high 
absorption  or  very  low  absorption.  High  sound  absorption  is 
needed  for  coatings  on  surface  ships,  submarines,  and  mines, 
while  low  sound  absorption  is  needed  for  sonar  window’s  and 
transducer  potting  compounds.  Finally,  materials  can  be 
designed  to  absorb  over  a  wide  frequency  range  or  be  tuned  to  a 
particular  frequency  hand. 


Introduction 

The  goal  of  this  work  is  to  relate  the  acoustic  properties  of  polymers  to  their 
molecular  structure.  Acoustic  properties  are  of  importance  to  the  Navy  in 
numerous  applications,  and  most  often  it  is  a  polymer  that  is  used.  The 
different  applications  lead  to  a  variety  of  requirements.  In  some  cases,  such  as 
for  a  coating  on  a  surface  .ship,  submarine,  or  mine,  high  sound  absorption  is 
needed.  In  other  ca.ses.  such  as  for  a  sonar  window  or  transducer  potting 
compound,  low  sound  absorption  is  needed.  While  these  two  problems  sound 
different,  they  can  both  be  .solved  with  an  understanding  of  the  relation 
between  the  molecular  structure  of  polymers  and  their  acoustic  properties. 
One  reason  polymers  are  used  in  these  applications  is  that  their  properties 
vary  over  a  wide  range.  This  advantage  also  creates  a  problem  in  that  it  is 
difficult  to  know  which  polymer  to  choose  among  the  thousands  on  the 
market.  An  additional  problem  is  that  most  of  these  polymers  are  proprietary 
materials.  For  these  reasons,  it  is  vital  that  the  Navy  be  able  to  specify  the 
acoustic  properties  of  polymers  in  terms  of  their  molecular  structure. 

This  article  begins  with  a  description  of  the  acoustic  properties,  describes 
the  molecular  structure  of  the  polymers,  and  finally  demonstrates  the  relation 
between  structure  and  properties.  The  polymers  studied  are  polyurethanes 
becau.se  their  molecular  .structure  can  be  varied  to  provide  an  extremely  wide 
range  of  properties. 
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Acoustic  Prop*'  ^ies 

This  SGction  considers  acoustic  properties  of 
polvmers  from  a  phenomenological  point  of 
view.  In  other  words,  we  focus  on  what  can  be 
determined  about  acoustic  properties  without 
considering  molecular  structure. 

The  First  step  is  to  recognize  that  acoustic 
properties  can  be  expres.sed  either  in  terms  of 
.sound  speed  and  absorption,  or  equivalently, 
in  terms  of  complex  modulus.  In  the  sound 
speed  and  absorption  representation,  there  are 
two  types  of  sound  speeds:  longitudinal  (C| ) 
and  shear  (cs).  Associated  with  each  of  these 
sound  speeds  is  an  absorption  (a,  and  as).  In 
the  complex  modulus  repre.sentation.  there  are 
two  complex  moduli,  bulk  (K*  =  K'+iK”)  and 
shear  (G*  =  G'+iG").  The  relations  between 
the.se  two  repre.sentation.s  are  well  established 
and  it  is  a  matter  of  convenience  as  to  which  to 
use.  To  a  Hnst  approximation,  sound  speed  is 
proportional  to  the  square  root  of  the  real  part 
of  the  modulus  and  sound  absorption  is 
proportional  to  the  ratio  of  the  imaginary  part 
to  the  real  part.  G'7G‘,  which  is  referred  to  as 
the  I0.S.S  factor. 

For  this  work,  measurements  of  complex 
modulus  were  made  using  a  resonance  device 
in  which  a  sample  in  the  shape  of  a  bar  is 
excited  into  resonance  at  various  harmonics. 
Typically,  four  or  five  resonant  peaks  can  be 
determined  in  a  range  of  1.5  decades  centered 
at  about  1  kHz.  The  real  (Gland  imaginary 
(G'l  parts  of  the  complex  shear  modulus  (G*) 
are  calculated  at  these  resonant  frequencies. 

The  measurements  are  repeated  as  a  function  of 
temperature.  Time-temperature  superposition 
is  then  used  to  shift  the  measured  data  to  form 
a  master  curve  of  G'  and  loss  factor  over 
approximately  20  decades  of  frequency  at  a 
reference  temperature  of  25*C. 

Typical  data  for  a  polyurethane  is  shown  in 
Figure  1.  Qualitatively,  the  modulus  increases 
from  a  lower  value  at  low  frequency  to  a  higher 
value  at  high  frequency  with  a  transition 
between  the  two  centered  at  a  transition  fre¬ 
quency.  The  loss  factor  goes  through  a  maxi¬ 
mum  at  the  transition  frequency.  It  has  been 
well  e.stablished  that  this  behavior  is  due  to  the 
gla.ss  transition  occurring  in  the  polymer.'  At 
the  gla.ss  transition,  large  segments  of  the 
polymer  chain  become  free  to  move;  this 
transition  from  gla.ssy  behavior  to  rubbery 
behavior  affects  many  physical  properties  of 
polymers,  including  volume  expansivity, 
specific  heat,  and  mechanical  properties.  The 
nature  of  this  transition  is  significant  because 
many  studies  have  been  dune  on  the  effect  of 
the  glass  transition  on  other  properties,  and  the 
conclusions  reached  will  carry  over  to  the 
acoustic  case. 


Figure  1.  Typical  dynamic  mechanical  data  fur 
a  polyurethane,  (a)  Shear  modulus  vs  fre¬ 
quency:  (b)  Lo.ss  factor  vs  frequency. 


As  shown  in  Figure  1.  the  gla.ss  transition 
dominates  the  acoustic  behavior  of  polymers. 
The  low  frequency  value  of  the  modulus  is 
referred  to  as  the  rubbery  modulus  and  the 
high  frequency  value  as  the  gla.ssy  modulus. 
The  I0.SS  factor  (proportional  to  absorption)  has 
a  glass  transition  peak  at  100  kHz  in  this 
example.  For  applications  in  which  high 
absorption  is  desired,  such  as  a  hull  coating, 
the  transition  frequency  should  he  near  the 
application  frequency.  Conversely,  il  low 
absorption  is  desired,  such  as  for  a  sonar 
window,  the  transition  frequency  should  be 
different  from  the  application  frequency. 

Another  qualitative  feature  of  the  daia  worth 
noting  is  that  the  transition  is  very  broad, 
covering  many  decades  of  frequency,  and 
asymmetrical,  being  skewed  to  high  frequency. 

Analytical  Model 

It  is  an  advantage  to  describe  the  qualitative 
features  of  the  gla.ss  transition  using  an  analyt¬ 
ical  model.  With  a  model,  acoustic  properties 
can  be  represented  with  a  few  parameters, 
which  then  can  be  u.sed  in  computer  prediction 
of  acoustic  performance  and  in  interpolating 
properties  that  were  not  actually  measured. 
There  are  many  analytical  models  to  choo.se 
from  in  the  literature.  However,  it  is  advan¬ 
tageous  to  select  a  model  whose  parameters  are 
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COMPLEX  MODULUS  AND  LOSS  FACTOR 

Polymers  have  some  of  the  characteristics  of  an  elastic  solid  and  some  of  the 
characteristics  of  a  viscous  liquid,  and  they  are  referred  to  as  viscoelastic 
materials.  For  such  materials,  the  modulus  (ratio  of  stress  to  strain)  is  not  a 
simple  constant  of  proportionality  as  it  is  for  an  elastic  solid.  There  is  a 
component  of  the  strain  in  phase  with  the  applied  stress  and  a  component  out  of 
phase.  Such  behavior  is  described  by  making  the  modulus  complex.  For 
example,  if  a  shear  stress  is  applied  to  a  viscoelastic  material,  the  shear  modulus 
is  given  by 

G*  =  G'+  iG", 

where  the  superscript  *  identifies  the  modulus  as  a  complex  number,  G'  is  the 
real  part  of  the  modulus,  and  G"  is  the  imaginary  part  of  the  modulus.  When  a 
periodic  stress  (such  as  a  sound  wave)  propagates  through  a  viscoelastic 
material,  some  of  the  energy  is  absorbed  as  a  result  of  the  phase  lag  between 
stress  and  strain.  A  detailed  analysis  of  this  process  shows  that  the  energy 
absorption  depends  on  the  ratio  G'VG',  known  as  the  loss  factor.  Thus,  if  G"  = 
0,  the  material  is  an  elastic  solid  with  a  purely  real  modulus  and  no  absorption 
of  sound  energy.  For  finite  G",  the  material  is  viscoelastic  with  a  complex 
modulus  and  absorption  of  sound  waves. 
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related  to  the  molecular  structure  of  the 
polymer  rather  than  being  curve-fitting 
parameters. 

An  analytical  model  of  the  glass  transition 
known  as  the  Havriliak-Negami  equation  was 
found  to  represent  the  master  curve  data  gener¬ 
ally  within  the  accuracy  of  the  measurements. 
The  qualitative  features  of  the  model  are  a 
rubbery  modulus  at  low  frequency.  G„.  a  glassy 
modulus  at  high  frequency.  and  a  transi¬ 
tion  between  the  two  limiting  values  at  a 
transition  frequency.  It  is  theoretically 
preferable  to  express  the  transition  frequency 
in  terms  of  the  equivalent  relaxation  time 
a.s.sociated  with  it,  r  =  l/2icf.  The  width  of  the 
transition  is  governed  by  a  parameter  a.  with 
values  between  zero  and  one.  and  the  asym¬ 
metry  is  governed  by  a  parameter  p.  also  with 
values  between  zero  and  one.  The  specific 
form  of  the  model  is 

(G,rGJ/(G*-GJ  =  (t+limfP'  (t) 

where  (o=  2}if\s  the  circ:ular  frequency  of  the 
measurement.  The  complex  modulus  measure¬ 
ments  can  then  be  summarized  in  terms  of  five 
parameters:  G,f.  G^.  r.  a.  and  p. 

An  example  of  the  fit  of  the  analytical  model 
to  the  typical  polyurethane  experimental  data 
is  .shown  in  Figure  1.  The  .solid  lines  in  this 
figure  were  calculated  using  Equation  (1).  As 
can  be  seen,  the  fit  is  very  good.  The  high 
frequency  modulus.  G^,  is  about  1  GPa.  a  valu«' 
typical  of  most  polyurethanes.  The  low  fre¬ 
quency  modulus.  G„.  is  about  2  MPa.  For 
polyurethanes  in  general,  this  value  ranges 
from  1  to  10  MPa.  The  loss  factor  peak  occurs 
at  about  100  kHz.  corresponding  to  a  relaxation 
time  of  about  1  ps.  This  value  varies  over 
many  decades  of  frequency  for  other  polyure¬ 
thanes.  The  value  of  a  for  the  data  in  Figure  1 
is  0.0.  Other  polymers  vary  from  0.3  to  0.8. 
Finally.  P  is  0.04  and  varies  from  0.0003  to  O..^ 
in  other  .systems. 


Glass  IVansition  Temperature 

The  characteristic  temperature  at  whi»:h  the 
glass  transition  occurs  is  known  as  the  glass 
transition  temperature.  T^.  The  characteristic 
time  at  which  the  transition  occurs  is  the  relax¬ 
ation  time  I  from  Equation  (1).  Theoretir.ally. 
we  expect  these  two  parameters  (T^  and  t)  to  be 
related  since  they  are  both  measures  of  the 
gla.ss  transition.  As  di.scussed  earlier,  t  is 
determined  from  the  data  obtained  in  the 
complex  modulus  measurement.  The  gla.ss 
transition  temperature  is  determined  using  a 
differential  scanning  calorimeter  (D.SC.)  mea¬ 
surement  of  the  heat  flow  into  a  sample  under 


controlled  heating  conditions.  We  postulated 
that  the.se  two  independent  parameters,  deter¬ 
mined  in  completely  different  manners,  should 
be  related  by  an  Arrhenius  relation  betwism  tint 
log  of  T  and  the  reciprocal  glass  transition 
temperature. 

To  verify  this  assumption,  t  and  T^  were 
evaluated  for  20  different  polyundhane  systtuns 
of  varying  molecular  Wfughl.  isoc\'anate  t  \'pe. 
polygiycol  type.  c:hain  extender  type,  and 
concentration  of  hard  segment.  The  Arrhenius 
plot  is  shown  in  Figure?  2.  Then?  is  ;?  good 
correlation,  with  r-  =  0.91.  The  activation 
energy  calculated  from  the  slope  of  this  line  is 
118  k|/mol.  a  reasonable  value  fur  the  glass 
transition  of  a  polymer.  Other  relations  that 
have  been  shown  to  hold  for  T^.  such  as 
dependence  on  molecular  weight  and  mohx:- 
ular  structure,  can  now  Im?  applied  to  acoustic 
properties  as  well. 
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Figure  2.  Log  n?laxation  time  \  s  nH:ipnH-.al 
gla.ss  transition  temperature  for  polyurethanes. 


The  correlation  betwe<?n  T„  and  t  is  used  in 
the  tailoring  of  polymers  for  a  particular  acous¬ 
tic  applif:alion  in  the  following  manner.  An 
acoustic  designer  may  need  a  polymer  with  a 
ln.ss  factor  maximum  at  a  particular  fnHpiency. 
which  is  related  to  t.  The  chemist  who  is  asked 
to  synthesize  the  polymer  may  not  understand 
how  T  is  related  to  molet:ular  structure,  but  is 
very  familiar  with  T^.  Therefon?.  this  com?la- 
lion  bridges  the  chasm  between  acoustic: 
designer  and  chemist. 


Molecular  Structure 

This  .section  pn?sents  the  molc?cular  struc¬ 
ture  of  polymers  from  the  synthesis  point  of 
view.  In  other  words,  ive  foi:us  on  what  can  l)e 
determined  without  c:nnsicic?ring  ac:oustic: 
pro|M?rties  din?c;tly. 
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PulyunHhanus  are  alternating  block  copoly¬ 
mers  made  up  of  soft  segments  of  aliphatic 
chains  from  a  polyglycol  anti  hard  segments  of 
groups  from  a  diisocyanate  and  a  chain 
extender.  Since  the  soft  and  hard  segments  an> 
chemically  disitimilar.  they  tend  to  be  incom¬ 
patible  and  thus  separate  into  different  phases. 
Separate  glass  transitions  can  occur  in  each 
phase,  and  either  one  or  both  phases  can  be 
cr>’stalline.  Microphase  separation  can  occur, 
and  the  hard  .segment  can  be  crystalline  or 
amorphous.  As  will  be  shown  iielow,  we  have 
found  that  the  pre.sence  or  absent:e  of  hard- 
.segment  cry.stallinity  is  the  dominant  factor  in 
determining  the  acoustic  properties  of 
polyurethanes. 

Polyurethane  chemistr>'  will  be  illustrated 
with  a  particular  polymer  .sy.stem.  Mo.st  of  the 
systems  to  be  disc.ussed  will  be  variations  of 
this  basic  system.  The  basic  polyglycol  is  poly 
(tetramethylene  ether)  glycol  (PTMG) 

H()-|-(CH,),0-|„-H. 

The  liasic  dii.stK:yanate  is  4.4'- 
diphenylmethane  dii.socyanate  (MDI) 

cx:n-c;.H4-ch.-c,.H4-n(:o. 

The  basic  chain  extender  is  1.4-butanediol 
(BDO) 

H0-(CH,)4-0H. 

Four  molecular  weights  of  PTMG  (nominally 
B50. 1000.  2000.  2900)  were  used  to  react  with 
MDI  to  form  prepolymers.  Typically,  three 
moles  of  MDI  were  u.sed  to  react  with  one  mole 
of  polyglycol.  The  prepolymers  wore  then 
t:hain  extended  with  BDO.  The  isocwanate 
index  of  the  mixtiin!  was  1.0.5.  which  ensures 
that  them  is  a  five  percent  nxce.ss  of  is(K;yanate 
for  cro.ss-linking  during  the  cum. 

One  variation  of  the  above  basic  system  that 
%vas  investigated-  was  mplacing  MDI  with 
methvlene  bis  (4-cvclohexvlis(K:vanale) 
(H,,MDI) 

oc^:-c^H«-CH,-c;.HvN(:o. 

Although  the  molecular  slruc:lums  of  MDI 
and  H,jMDI  am  similar.  H,^MDI  compri.ses  a 
mixtiim  of  three  geometric  isomers;  trans-trans. 
ci.s-tRHis.  and  cis-cis.  The  pmsence  of  these 
three  geometric  i.somers  tends  to  pmvent  hard 
.segment  cry.stallinity  in  the  Hf^MDI-lmsed 
polymers.  The  hard  sifgment  in  MDI-base<l 
polyurethanes,  on  the  other  hand,  is 
crystalline.  Hard  segment  crystallinity  will  be 
shown  later  to  have  a  significant  effect  on 
acoustic  pmperties. 


Another  variation  of  the  basic  system 
i:un.sidered'  was  re|)lacing  PTMG  with 
|M)lyprupylene  glycol  (PKI) 

ho-|-gh,c:h((:h,)o-|„-h. 

The  pm.sencu  of  the  pendant  methyl  group 
in  PP(]  inhibits  hard-segment  crystallinity  in 
PPG-based  polymers.  This  system  thus 
mpmsents  anoihor  technique  for  reducing  the 
degree  of  hard-segment  crystallinity  in 
comparison  with  the  basic:  system. 


Acoustic-Chemistry  Relation 

In  this  section  we  describe  the  incmased 
insight  into  the  problem  when  we  know  the 
rolation  Iwtween  ai:oustics  and  c;hemistry. 

A  determination  of  hard-segment  c;ry.stal- 
linily  is  made  using  a  DS(^  which  measums  the 
heal  flow  into  a  sample  under  i:ontrolled  heat¬ 
ing  conditions.  In  the  DS('  thermcigrams 
.shown  in  Figure  3.  the  top  plot  is  the  liasic 
polyurothane.  In  addition  to  the  glass 
transition  that  gives  ri.sR  to  the  desirable 
acnu.stic  properties,  hard-.segmeni  melting  c:an 
also  be  seen,  in  the  bottom  plot,  the  polymer  is 
the  same  except  that  MDI  has  been  mplaced 
with  H,..MDI.  Due  to  the  three  geometric 
isomers,  hard-segment  crystallinity  is 
prevented,  as  is  obvious  from  the  lack  of  a 
melting  peak. 

The  shear  modulus  of  lhe.se  crystalline  and 
non-cr>’Slalline  polymers  is  shown  in  Figure  4. 
Cry.stailinity  in  the  MDI  polymer  has  rai.sed  the 
rubber)'  modulus  by  about  a  fac:tor  of  ten.  while 
having  little  erfe{;t  on  the  gla.ssy  modulus. 

The  loss  factor  of  the  same  polymers  is 
shown  in  Figure  .5.  The  non-crystalline  poly¬ 
mer  has  a  high  lo.ss  peak,  while  the  i:rystalline 
|K)lymer  has  a  low  loss  peak.  This  is  a  general 
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Figure  3.  DSC^  thermograms  for  PTMG 1000/ 
BDO  polyurethanes  synthesized  with  different 
iscK:yanatRs. 


■V.sn't;  nahlgrrn  Divisinn 


Figure  4.  Shear  modulus  for 
PTMGIOOO/BDO  polyurethanes 
synthesized  with  different  isocyanates. 


Figure  5.  Loss  factor  for  PTMGIOOO/BDO 
polyurethanes  synthesized  with  different 
isocyanates. 


relation:  whenever  the  rubbery  modulus  is  low, 
the  loss  peak  will  be  high;  when  the  rubbery 
modulus  is  high,  the  loss  peak  will  be  low. 

This  behavior  has  been  observed  for  a  variety 
of  compositions. 

It  was  concluded  that  the  absence  of  hard- 
segment  crystallinity  is  the  dominant  factor  in 
producing  a  high-loss  peak:  the  method  by 
which  cry.stallinity  is  prevented  from  occurring 
is  not  relevant.  To  verify  this  assumption,  a 
variation  of  the  basic  crystalline  polyurethane 
was  prepared  in  which  the  degree  of  crystal¬ 
linity  was  reduced  not  by  changing  the  isocy¬ 
anate,  but  by  changing  the  polyglycol.  PTMG 
was  replaced  with  PPG.  In  this  case,  the 
pendant  methyl  group  inhibits  crystallinity. 
There  is  a  small  amount  of  crystallinity,  but 
much  less  than  in  the  PTMG  polymer.  The 
same  qualitative  behavior,  namely  a  high  loss 
factor,  is  shown  in  Figure  6. 


Up  to  now  only  the  height  of  the  loss  peak 
has  been  considered.  Now  let  us  consider  the 
frequency  at  which  the  peak  occurs.  As  shown 
before,  t  determines  this  location  and  is  corre¬ 
lated  with  T^  (Figure  2).  Since  T^  varies  with 
molecular  weight,  we  expect  that  t  will  like¬ 
wise  vary  with  molecular  weight.  Verification 
of  this  assumption  is  shown  in  Figure  7.  The 
loss  peak  can  be  moved  anywhere  from  0.1  Hz 
to  1  MHz  by  increasing  the  molecular  weight. 

Conclusions 

We  have  developed  a  methodology  to  tailor 
the  properties  of  polyurethanes  to  meet 
requirements  for  applications  that  include  hull 
coatings,  sonar  windows,  transducer  potting 
compounds,  and  motor  mounts.  This  ability  to 
design  material  properties  not  only  allows  us  to 
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Figure  6.  Loss  factor  for  MDI/BDO 
polyurethanes  synthesized  with 
different  glycols. 


Figure  7.  Loss  factor  for  polyurethanes  of 
different  molecular  weight. 


optimize  material  performance,  but  eliminates 
the  need  for  proprietary  materials. 

Ba.sed  on  the  analysis  conducted  here,  the 
following  specific  conclusions  were  reached; 

•  Glass  transition  temperature  and  relaxa¬ 
tion  time  are  correlated.  Glass  transition 
temperature  depends  on  molecular 
.structure,  and  relaxation  time  determines 
the  frequency  at  which  the  loss  factor 
peak  occurs.  The  correlation  of  glass 
transition  temperature  and  relaxation  time 
then  allows  us  to  relate  peak  location  to 
molecular  structure.  For  example,  based 
on  the  known  variation  of  glass  transition 
temperature  with  molecular  weight,  the 
peak  can  be  moved  anywhere  from  0.1  Hz 
to  1  MHz.  Materials  with  loss  peaks  at 
low  frequency  are  required  for  motor 


mounts,  while  materials  with  loss  peaks 
at  high  frequency  are  needed  for  hull 
coatings. 

•  Non-crystalline  polymers  have  a  high, 
narrow  loss  peak,  while  crystalline 
polymers  have  a  low,  broad  loss  peak. 
Becau.se  the  degree  of  crystallinity 
depends  on  molecular  structure,  the 
height  and  width  of  the  loss  peak  are 
determined  by  molecular  structure.  For 
example,  the  presence  of  pendant  groups 
inhibits  crystallinity  and  produces  a  high 
loss  factor.  Hull  coating  materials  require 
a  trade-off  between  high  loss  and  broad 
band  behavior. 

•  Crystallinity  raises  the  rubbery  modulus 
by  about  a  factor  of  ten  with  little  effect 
on  the  glassy  modulus.  High  rubbery 
modulus  is  needed  in  order  to  minimize 


NSWC  Dahlgren  Division 


the  effect  of  static  load  on  the 
performance  of  motor  mounts. 
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Development  of  Phosphate-Bonded 
Silicon  Nitride  Ceramics  and  Ceramic 
Matrix  Composites 

I.  G.  Talmy,  C.  A.  Martin,  D.  A.  Haught,  A.  H.  Le,  and  A.  E.  Janovsky 


The  preparation  of  nonoxide  ceramics  (nitrides,  carbides,  etc.) 
and  ceramic-matrix  composites  normally  requires  expensive 
methods  such  as  hot  pressing  or  hot  isostatic  pressing. 

Phosphate  bonding  offers  a  low-temperature,  pressureless 
processing  technique  for  such  materials.  Phosphate-bonded 
ceramics  can  be  prepared  at  temperatures  below  1000°C  and 
used  at  much  higher  temperatures.  Silicon  nitride  monolithic 
ceramics  containing  Al,  B,  Si,  and  phosphates  as  binders  have 
been  developed  at  the  Naval  Surface  Warfare  Center,  Dahlgren 
Division.  Ceramic  composites  were  also  prepared  using  a  variety 
of  ceramic  whiskers  and  fibers  with  phosphate-bonded  AI2O3  and 
SijN^  matrices.  The  mechanical,  thermal,  and  electrical 
properties  and  environmental  stability  of  the  materials  were 
characterized.  The  flexural  strength  of  Si^N^  ceramics  ranged 
from  40  to  95  MPa,  and  the  strength  of  composites  ranged  from 
30  to  120  MPa,  depending  on  composition.  All  the  materials  had 
good  water  stability  and  exhibited  low  and  thermally  stable 
dielectric  constant  and  loss  tangent.  While  not  as  strong  as 
conventionally  processed  SijN^,  phosphate-bonded  ceramics  are 
suitable  for  many  military  applications  including  engine  parts, 
radomes,  and  antenna  windows. 


Introduction 

Numerous  problems  in  weapons  systems,  industrial  processes,  and  con¬ 
sumer  goods  can  be  solved  using  ceramic  materials  because  of  their  high 
thermal  stability,  wear  resistance,  hardness,  and  stiffness.  However,  the  broad 
application  of  ceramics  is  substantially  limited  by  the  high  processing  costs. 
Most  advanced  ceramics,  particularly  nonoxide  ceramics,  require  complicated 
processing,  including  the  use  of  very  high  temperatures  and  pressures  to  pre¬ 
pare  parts,  thus  resulting  in  high  cost.  A  major  thrust  in  the  ceramic  commun¬ 
ity  is  the  search  for  less  expensive  methods  of  preparing  ceramics,  such  as 
chemical  bonding  routes. 

Chemical  bonding  techniques  are  based  on  the  formation  of  strong  bonds  as 
the  result  of  low-temperature  (room  temperature  to  a  few  hundred  degrees  C) 
chemical  reactions.  These  reactions  take  place  in  situ  during  processing.  The 
most  common  chemical  bonding  technique  is  based  on  the  formation  of  hy¬ 
drates,  as  in  cements.  Another  possible  technique  is  based  on  the  formation  of 
metal  phosphates. 


NSWC  Dahlgren  Division 


Phosphate  bonding  has  been  used  for  many 
years  in  manufacturing  conventional  refracto¬ 
ries,  protective  coatings,  and  high-temperature 
adhesives.  Phosphates  can  be  formed  in  cera¬ 
mics  by  direct  reaction  between  selected  oxides 
and  phosphoric  acid  (H3PO4),  or  by  the  addi¬ 
tion  of  a  solution  of  phosphate  hydrates  which 
decompose  during  firing  and  bond  with  the 
particles  in  the  body.  Aluminum,  chromium, 
boron,  zirconium,  and  other  phosphates  have 
been  reported  in  the  literature. Many  metal 
phosphates  have  an  attractive  combination  of 
properties,  including  high  thermal  stability  (up 
to  2000°C)  and  strength,  low  thermal  expan¬ 
sion,  and  good  chemical  resistance. 

Phosphate  bonding  can  be  particularly  use¬ 
ful  for  the  preparation  of  nonoxide  ceramics 
such  as  silicon  nitride,  silicon  carbide,  and 
boron  nitride.  Nonoxide  ceramics  are  currently 
being  developed  for  many  applications  because 
of  their  high  strength,  toughness,  hardness,  and 
special  thermal  and  electrical  properties.  How¬ 
ever,  due  to  the  highly  covalent  nature  of  the 
atomic  bonding  and  the  resultant  low  diffusion 
rates,  they  are  difficult  to  prepare  fully  dense 
by  inexpensive  techniques  such  as  pressureless 
sintering.  Ordinarily,  techniques  such  as  hot 
pressing  or  hot  isostatic  pressing  (HIP)  are 
used.  Pressureless  sintering  of  nonoxide  cera¬ 
mics  can  be  accomplished  by  using  oxide  addi¬ 
tives  which  form  low  melting  liquid  phases, 
but  these  phases  deteriorate  high-temperature 
properties.  Phosphate  bonding  techniques  can 
provide  a  means  for  low-cost,  low-temperature 
processing  of  nonoxide  ceramics  in  applica¬ 
tions  where  their  very  high-strength  potential 
(750  to  1000  MPa)  is  not  required.  Although 
phosphate  bonding  does  not  result  in  fully 
dense,  high-strength  nonoxide  ceramics,  it 
allows  exploitation  of  their  unique  properties, 
e.g.,  electrical.  For  example,  silicon  nitride 
(Si3N4)  has  dielectric  properties  (low  and  ther¬ 
mally  stable  dielectric  constant  and  loss  tan¬ 
gent)  suitable  for  advanced  radome 
applications. 

Phosphate  bonding  can  also  be  very  useful 
for  the  preparation  of  both  continuous  and 
discontinuous  fiber  ceramic  composites.  Such 
composites  are  most  commonly  produced  by 
hot  pressing  or  HIP.  which  are  expensive,  and 
in  addition,  high  processing  temperatures  may 
be  detrimental  to  fibers  and  may  also  create 
problems  with  the  fiber/matrix  interface. 

Phosphate  bonding  allows  the  preparation  of 
continuous  fiber  ceramic  composites  by  well 
developed  techniques  used  in  the  polymer 
matrix  composite  field.  The  general  concept  is 
the  .same;  a  continuous  tow  or  cloth  is  infiltra¬ 
ted  with  a  liquid  or  paste  matrix  precursor, 
which  later  solidifies.  In  the  case  of  phosphate- 
bonded  ceramics,  the  matrix  precursor  is  a 
mixture  of  ceramic  particles  and  phosphoric 
acid  or  phosphate  hydrate  .solution  instead  of  a 


liquid  polymer.  The  temperatures  needed  to 
cure  phosphate  binders  are  in  the  range  of  room 
temperature  to  300°C,  not  that  different  from 
the  temperatures  used  in  the  polymer  field.  A 
subsequent  firing  at  up  to  900°C  may  be  em¬ 
ployed  depending  on  the  application.  Layup 
and  shape-forming  methods  such  as  vacuum 
bagging,  pre.ssing.  and  autoclaving  are  all  appli¬ 
cable  to  phosphate-bonded  composites. 

This  article  describes  the  results  of  an  on¬ 
going  project  investigating  the  application  of 
phosphate-bonding  techniques  in  the  prepara¬ 
tion  of  monolithic  and  di.scontinuous  fiber  rein¬ 
forced  Si3N4  ceramics  as  well  as  continuous 
fiber  ceramic  composites  with  oxide  and  non¬ 
oxide  fibers  and  various  phosphate  matrices. 

Monolithics  and  Discontinuous  Fiber 
Composites 

This  section  describes  the  experimental  pro¬ 
cedure  for  the  preparation  and  testing  of  alum¬ 
inum,  boron,  and  zirconium  phosphate-bonded 
silicon  nitride  ceramics,  both  monolithic  and 
composites,  reinforced  with  whiskers  and 
platelets.  Discussion  of  the  material  properties 
follows. 


Experimental  Procedure 

Silicon  nitride  powder  of  97.6  percent  pur¬ 
ity,  2  percent  oxygen.  90  percent  alpha  phase, 
and  particle  size  0.7  pm  was  used  in  this 
study.  The  phosphate  phases  were  formed  in 
the  materials  as  a  result  of  the  reaction  of  al¬ 
uminum  oxide  (alumina.  AI2O3).  boric  acid 
(H3BO3),  and  zirconium  oxide  (zirconia,  Zr02) 
with  phosphoric  acid.  The  powders  used  in 
the  experiments  were  0.3  pm  alumina  (99.99 
percent  purity,  alpha  phase),  0.05  pm  alumina 
(99.99  percent  purity,  mixed  gamma  and  alpha 
phases),  boric  acid  (99.99  percent  purity),  and 
zirconia  powders  with  surface  area  3.2  and  22 
m^/g.  Difjcontinuous  reinforcements  used 
were  Si3N4  and  SiC  whiskers  from  Tateho, 
grades  SNWl-S  and  SCWl-S-105,  respectively, 
and  SiC  platelets  from  American  Matrix.  The 
platelets  were  -375  mesh,  with  an  a.spect  ratio 
of  ten.  The  phosphoric  acid  was  85  weight 
percent  concentration.  99.99  percent  purity. 

Starting  materials  were  combined  in  propor¬ 
tions  to  form  20  to  30  volume  percent  alumi¬ 
num  phosphate  (AIPO4).  boron  phosphate 
(BPO4).  and  zirconium  phosphate  (ZrP207)  in 
Si3N4  ceramics  during  firing.  The  binder  con-  17 
tent  was  selected  because  it  resulted  in  the 
highest  strengths  in  a  previous  experiment.'’ 

Five  compositions  in  the  Al-B  phosphate 
system  were  also  prepared  with  the  following 
AIPO4.BPO4  ratios:  100:0,  75:25.  50:50.  25:75, 
and  0:100.  (The  desired  composition  is  u.sed  in 
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this  article  as  nomenclature,  regardless  of  the 
actual  phase  composition  achieved.)  Each  batch 
was  mixed  by  first  combining  the  A^O  ,. 

or  Zr02  with  H3PO4.  and  then  adding 
Si3N4.  For  comparison,  ceramics  were  also 
prepared  from  a  mixture  of  silicon  nitride  with 
25  weight  percent  H3PO4.  All  raw  mixtures 
were  sieved  through  a  500-pm  screen.  Speci¬ 
mens  of  size  5  X  5  X  60  mm  were  pressed  at 
50  to  100  MPa  in  a  steel  die  and  fired  at  tem¬ 
peratures  up  to  900°C  in  air. 

For  whisker-  and  platelet-reinforced  compo¬ 
sites,  aluminum  phosphate  was  chosen  as  the 
binder.  The  hinder  content  was  fixed  at  30 
volume  percent.  The  whi.sker  and  platelet  con¬ 
tents  were  30  and  20  volume  percent,  respec¬ 
tively.  Silicon  nitride  comprised  the  balance  of 
the  compositions.  For  comparison,  control 
samples  without  reinforcement  were  also  pre¬ 
pared.  Compositions  were  mixed  in  a  centrifu¬ 
gal  ball  mill  using  rubber-coated  steel  media. 
Dry  ingredients  were  mixed  first,  followed  by 
addition  of  phosphoric  acid  and  further  mixing. 
Disc-shaped  specimens  were  die  pressed  at  10 
MPa  followed  by  isopre.ssing  at  3.50  MPa,  and 
fired  at  700°C  in  air.  After  firing,  all  specimens 
were  sectioned  into  bars,  ground,  and  polished 
to  6  pm. 

Fired  specimens  were  characterized  by  poro¬ 
sity  (measured  by  Archimedes  method),  dimen¬ 
sional  changes,  phase  composition  (x-ray  pow¬ 
der  diffraction),  and  flexural  strength  (4-point 
bending)  at  room  temperature  and  800°C. 
Thermal  shock  resistance  of  selected  compos- 
tions  was  evaluated  by  residual  strength  after 
abrupt  air  cooling  of  .samples  from  1000°C  and 
1125°C.  Dielectric  properties  (dielectric  con¬ 
stant  and  loss  tangent)  were  measured  from 
room  temperature  to  1000°C  at  35  GHz  by  Dr. 
William  Ho  at  Rockwell  International  Science 
Center  in  Thousand  Oaks,  California. 

The  water  .stability  of  the  materials  was 
determined  from  retained  strength  and  changes 
in  pha.se  composition  (determined  by  x-ray 
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Figure  1.  Flexural  strength  of  ceramics 
prepared  from  Si3N4/25%  H3PO4  mixtures. 


powder  diffraction)  after  boiling  specimens  in 
water  for  one  hour. 


Results  and  Discussion 

The  flexural  strength  and  phase  composition 
of  ceramics  based  on  the  81,1^4  -  H3PO4  system 
are  shown  in  Figures  1  and  2  for  firing  temper¬ 
atures  from  300°C  to  1100°C.  The  ceramics  ex¬ 
hibited  strengthening  due  to  the  formation  of 
silicon  metaphosphate.  Si3(P04)4.  during  firing 
as  a  result  of  the  reaction  of  H3PO4  with  the 
surface  silica  on  silicon  nitride  particles.  The 
maximum  strength  of  65  MPa  was  observed 
after  firing  at  900°C.  Further  increase  in  firing 
temperature  resulted  in  a  dramatic  decrease  in 
strength,  which  is  attributed  to  the  decomposi¬ 
tion  of  silicon  metaphosphate.  Figure  2  shows 
the  absence  of  Si3(P04)4  and  the  appearance  of 
Si02  in  samples  fired  at  1100°C. 

The  properties  of  die-pressed  ceramics  in 
the  AlP04-BP04-Si3N4  system  are  given  in  Fig¬ 
ures  3  and  4.  Both  strength  and  linear  changes 
were  found  to  be  a  strong  function  of  sluiting 
alumina  powder  particle  size,  firing  tempera¬ 
ture,  and  composition.  The  strength  of  speci¬ 
mens  prepared  from  0.05  pm  AI2O3  was  found 
to  be  a  function  of  AIP04:BP04  ratio  and  firing 
temperature,  increasing  with  both  BPO4  con¬ 
tent  and  firing  temperature.  The  highest 
strength  was  observed  in  materials  based  on 
pure  BPO4  binder  after  firing  at  900°C.  Linear 
changes  of  all  specimens  were  negligible. 

Ceramics  prepared  using  0.3  pm  AI2O3 
exhibited  different  behavior.  The  strength  of 
specimens  fired  at  700°C  was  nearly  constant 
up  to  A1P04:BP04  ratio  of  50:50.  with  a  slight 
decrease  at  higher  BPO4  content.  Linear 
changes  for  all  compositions  were  also  negli¬ 
gible.  However,  after  firing  at  900°C,  the 


Figure  2.  X-ray  diffraction  patterns  of 
Si3N4/H3P04  mixtures  fired  at  300°C  to  1100°C. 
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Figure  3.  Flexural  strength  of  AIPO4/BPO4 
bonded  silicon  nitride. 
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100  percent  AIPO4  specimen  exhibited  very 
low  strength  (about  7  MPa),  which  proportion¬ 
ally  increased  with  BPO4  content  up  to  a  maxi¬ 
mum  of  50  MPa.  Compositions  with  BPO4 
content  above  75  percent  exhibited  an  increase 
in  strength  at  the  higher  firing  temperature, 
with  values  at  both  temperatures  similar  to 
those  for  samples  based  on  0.05  pm  alumina. 
Samples  with  higher  AIPO4  content  showed 
significant  expansion  when  fired  at  900'C 
(f)  percent  for  ceramics  based  on  pure  AIPO4). 

This  behavior  can  be  explained  by  the  dif¬ 
ference  in  the  phase  composition,  which  is 
depicted  in  the  x-ray  diffraction  patterns  in 
Figure  5  for  materials  based  on  aluminum 
phosphate.  Specimens  prepared  using  0.05  pm 
ACO;,  contained  aluminum  orthophosphate. 
AIPO4.  after  firing  at  both  temperatures.  In 
contrast,  specimens  prepared  using  0.3  pm 
AUO;,  contained  aluminum  metaphosphate. 
AlfP6;,)3.  if  fired  at  700X.  or  a  mixture  of 
AliPO  j  ,  and  AIPO4  if  fired  at  900^^..  It  is  hy¬ 
pothesized  that  materials  based  on  0.05  pm 
alumina  form  AIPO4  directly,  while  materials 
based  on  0.3  pm  alumina  form  AUPO^) ,  as  an 
intermediate  to  AIPO4.  It  is  presumed  that 
AUPO^);}  decomposed  above  800“C  to  form 
AIPO4.  This  decomposition  is  accompanied 
by  the  formation  of  gaseous  P2O5.  which  can 
explain  the  expansion  upon  firing  and  low 
strength  of  materials  based  on  0.3  pm  alumina. 
The  phases  observed  in  the  30  volume  percent 
BPO4  specimen  were  Si3N4  and  BPO4.  and  the 
intermediate  compositions  followed  rule  of 
mixtures  behavior. 

The  flexural  strength  of  zirconium  phos¬ 
phate-bonded  silicon  nitride  is  shown  in 
Figure  6  as  a  function  of  binder  content  and 
firing  temperature  for  materials  based  on 
3.2  m^/g  zirconia.  Strength  of  the  ceramics 
increased  with  increasing  binder  content  and 
firing  temperature,  with  the  highest  strength  of 
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Figure  4.  Linear  changes  of  AIPC)4/BP04 
bonded  silicon  nitride. 


Figure  5.  Phase  composition  of  Si;,N4/30  vol¬ 
ume  percent  AIPO4  ceramics  as  a  function  of 
AUO  )  particle  size  and  firing  temperature. 
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95  MPa  ol)S(?rvod  for  spocimons  containing 
50  volume  percent  ZrP;,07  and  fired  at  9()0"’C. 
As  shown  in  Figure  7,  the  materials  contained 
ZrP207  as  well  as  a  large  amount  of  unreacted 
zirconium  oxidtc  The  use  of  higher  surface 
area  zirconia  (22  instead  of  3.2  m-Zg)  promoted 
the  reaction  between  ZrOv  and  H  ,P04.  al¬ 
though  the  ceramics  still  contained  a  signifi¬ 
cant  amount  of  unreacted  zirconia  (Figure  8). 
Figure  9  shows  that  the  strength  of  ceramics 
based  on  the  higher  surface  area  ZrO^  was 
lower  compared  to  the  strength  of  those  based 
on  3.2  m-/g  zirconia,  presumably  due  to  the 
poor  packing  of  the  finer  zirconia.  The  signifi¬ 
cant  increase  in  strength  of  high  surface  area 
ZrGv  based  materials  after  isostatic  pressing  is 
further  evidence  of  the  poor  packing.  Spec- 
mens  containing  25  percent  zirconium  phos¬ 
phate  (based  on  22  g/cm-  zirconia)  exhibited  an 
increase  in  tlexural  strength  from  79  MPa  at 
25’C  to  92  MPa  when  measured  at  800  Ci. 
Materials  of  the  .same  composition  showed  very 
high  thermal  shock  resistance;  the  strength  was 
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Figure  6.  Flexural  strength  of  ZrP207  bonded 
Si ,  N4  fired  at  700°C]  and  9()0°C. 


Figure  7.  X-ray  diffraction  pattern  of 
Si;,N4/30‘’Z>  ZrP2t)7  fired  at  9(K)°{1  j)repared  with 
3,2  m^/g  ZrO^. 


practicallv  unchanged  after  abrupt  cooling  from 
1000°Cand  1125  C. 

The  microstructure  and  properties  of  alu¬ 
minum  phosphate-bonded  silicon  nitride  cera¬ 
mics  containing  whiskers  and  platelets  are 
shown  in  Figure  10  and  Table  1.  The  control 
(isopres.sed)  sample  exhibited  much  higher 
strength  compared  to  die-pressed  samples  of 
the  same  composition  (Figure;  3).  The  increase 
in  strength  can  be  attributed  to  higher  relative 
density,  which  is  the  result  of  isopressing.  The 
addition  of  SiC  platelets  and  Si  ,N4  whiskers 
did  not  signific;antly  change  the  open  peerosity 
of  the  composites,  while  the  addition  of  SiG 
whiskers  significantly  increased  porosity,  pos¬ 
sibly  due  to  packing  considerations.  The  intro¬ 
duction  of  whiskers  resulted  in  a  decrease  in 
.strength.  This  decrease  is  less  significant  for 
the  SiC  whisker  composites,  considering  the 
increased  porosity  compared  to  the  Si  ,N4 
whisker  composiies.  The  introduction  of  SiC 
platelfjts  resulted  in  little  change  in  strength. 
Linear  changes  for  all  specimens  were  found  to 
be  less  than  one  percent.  Scanning-electron 
micrographs  of  fracture  surfaces  of  the 


Figure  8.  X-ray  diffraction  pattern  of 
Si;jN4/30%  ZrP.207  fired  at  9l)0°C  prepared 
with  22  m^/g  ZrO^. 
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Figure  9,  Flexural  strength  of  Si  ,N4/25%  ZrP207 
vs  firing  temperature  and  forming  technique. 
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10.  .Sciiimio'*  oiicru^ranhs  nl  Ail'(),/.Si  ,N.,  malriv  coniiiKsilos  with  (liscoiitinoniis 

noiirurci'niunt. 


c:niii|)osilos  (I'i^tiro  to)  show  that  thorn  is  no 
iioliroahli!  nsiotion  holwoon  tho  roinroroooiont 
ami  matrix. 

Tho  rosiills  oi  liiotoctrh;  |)ro|)iMty  ohmsiiio- 
nioiits  on  aiinninnm.  Ixiron,  ami  /irconitnn 
|>lios|il)ati^-i)omlo(i  silicon  nitridn.  as  woll  as  on 
a  silicon  nitridn  wltiskor-containitiK  coni|Hisitn. 
ar*!  sliown  in  'l'al)ln  2  alonn  witli  tlin^oals  For 
advaiicnd  radomn  inattM  ials.  ■I’hi^  room  tnm|inr- 
atnrn  dininctric  constant  ol  all  inatnrials  was 
hnlow  ami  thn  chan<>n  to  tOOO  ()  was  hnlow 
7  |inrcnnl;  thn  loss  tanonnt  ol  all  inatnrials  was 
vnrv  low.  Thn  vahins  oF  dininctric  propnrlins 
makn  |ihos|ihal(Nhondnd  silicon  nitridn  inatn¬ 
rials  iiromisin^  camlidatns  fdradvancnd 
radomn  a|)|)lications. 

I'hi!  rnsnils  oF  thn  watnr  stahilily  tnsis  arn 
”ivnn  in  I’ij^nrns  t  t  lhroii;>h  t.'l.  I'irioK  at  OOtt  C. 
comparnd  to  700  C  rnsniind  in  si^nilicanlly 
hi^hnr  rnlainnd  strnn}>th  For  ail  inatnrials 
(I’if’iirn  I  1).  Horon  phos|)haln-hondnd  silicon 
nitridn  shownd  thn  lownsi  rntainnd  strim^th  at 
both  Firin<>  timipnratiirns.  This  hnliax  ior  is  rn- 
llnctnd  in  thn  x-ray  dilFraction  data  ll■■if>^lrl•s  t2 
through  t:t).  rhn  snlistantiailoss  ol  lll'O^  in 
thn  mainrial  lirnd  at  700  (I  explains  thn  dra- 

Tahli!  I.  I'lnxmal  .Strnn';th  and  Open  I'orosity 
ol  ,\ll’()j/.Si  ,N j  Matrix  (iompositns 


matic  dncrnasn  in  slrnn^th.  No  noticnahin 
chan}>n  in  thn  phase  composition  was  ohsnrvnd 
lor  the  AIPO^-  and  /.rl’^()7-hondnd  ceramics. 


Conliniioiis  i’ilior  (^omposilos 

This  section  dnscrihns  thn  experimental 
procndnrn  For  thn  prn|)aration  and  testing  ol 
phosphatn-homlnil  ceramic  matrix  composites 
rninl'orcnd  with  continuous  Fused  silica  and 
Nicalon  Fihnrs.  Test  rnsnils  arn  discussed  as  a 
Function  ol  matrix  composition.  Fiber  lypn. 
inlnrlacn  coalinn.  and  procnssinn  Inchniipms. 


experimental  Procndnrn 

The  raw  materials  For  the  matrix  were  the 
same  as  those  described  earlier,  with  thn 

Table  2.  Dielectric  Propnrlins  ol  Phosjihaln- 
liomlnd  ( Inramics 


Keininrcement 

.SlreiiKlh, 

MPa 

Piirosily. 

None 

H.a.O 

IH.O 

.Si(;  whiskers 

r>i.:i 

2H.  1 

.SiC  platidnis 

HO. .a 

IH.Ii 

.Si,N.|  whiskers 

47.0 

20.0 
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Dielectric 
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Figure  11.  Retained  strength  of  Si3N4  contain¬ 
ing  30  percent  binder  after  one  hour  boiling  in 
water. 
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Figure  13.  X-ray  diffraction  patterns  of  Si  ,N4/ 
30%  BPO4  fired  at  900°C  (A)  before  and  (B) 
after  boiling  in  water. 

were:  a  CVD  (chemical  vapor  deposition) 
carbon  coating  applied  to  Nicalon  by  the  man¬ 
ufacturer;  a  boron  nitride  (BN)  coating  on  the 
silica  fibers  applied  by  Synterials  Inc.  of 
Reston,  Virginia,  using  CVD:  and  a  phenolic- 
based  carbon  coating  applied  to  the  silica  fibers 
using  an  in-house  developed  method. 

The  matrix  starting  components  were  mixed 
as  described  above.  All  the  mixtures  had  a 
pasty  consistency.  Composites  were  prepared 
by  applying  a  thin  layer  of  the  matrix  material 
paste  to  the  fabric  and  laying  up  a  specimen. 


Figure  12.  X-ray  diffraction  patterns  of 
Si3N4/30%  BPd4  fired  at  700°C  (A)  before  and 
(B)  after  boiling  in  water. 

substitution  of  a  larger  particle  size  of  alumina 
(3. .5  pm.  Alcoa  A-17).  Matrix  compositions  and 
their  designations  are  given  in  Table  3. 

The  fabrics  evaluated  were  two  fused  silica 
(HPQY-1  from  FMI  and  Astroquartz  from  J.P. 
Stevens)  and  one  Si-C-N  (Nicalon  from  Nippon 
Carbon).  The  three  interface  coatings  evaluated 


Table  3.  Matrix  Compositions  for  Continuous- 
Fiber  Composites 


Designation 

Filler  (vol.  %) 

Binder  (vol.  %) 

AI2O3 

Si3N4 

BPO4 

ZrP207 

SN/BP 

0 

45 

55 

0 

SN/BP/ZP 

0 

25 

37.5 

37.5 

AO/ZP 

25 

0 

0 

75 
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using  oithor  0  -  0  or  0  -  45  dogroo  oriontations. 
Tilt!  sptuanions  vvoro  vacuum  haggotl,  prossod. 
and  autoclaved.  The  composites  were  then  de- 
haggiid  and  lirtid  in  air  if  no  interface  coating 
was  used,  or  in  nitrogen  if  a  coating  w'as  u.sed. 

Selected  compositions  were  reimpregnated 
with  aluminum  phosphate,  /.irconium  phos¬ 
phate.  or  boron  phosphate  using  monoahiminum 
phosphate  (MAP)  solution,  /.irconia/phosphoric 
acid  mixture,  or  boric  acid/phosphoric  acid  mix- 
turt!.  The  monoaluminum  phosphatt!  solution 
was  vacuum  impregnated,  whilt!  the  other  mix¬ 
tures  were  prtissure  impregnated  due  to  their 
higher  vi.scosity.  After  impregnation,  specimens 
were  autoclaved  and  fired  in  nitrogen. 

After  firing,  the  composites  were  .sectioned 
into  fit)  X  1U  X  5  mm  bars  and  characterized  hv 
microstructure,  porosity,  and  flexural  strength 
(:t-point  bending). 


K(!sults  and  Di.scu.ssion 

The  .strength  and  porosity  of  composites  con¬ 
taining  fu.stul  silica  fibers  are  shown  in  Table  4 
as  a  function  of  matrix  composition,  filxir  type, 
interface  coating,  and  reimpregnations.  The 
eff(!cl  of  fiber  type  can  Ix!  seen  by  comparing 
specimens  1  and  5.  Both  specimens  had  low 
stningth.  and  fiber  type  did  not  have  a  signi¬ 
ficant  effect.  The  effect  of  matrix  composition 
can  he  s(!en  by  comparing  specimens  3  and  5. 
Again,  tin!  strength  was  low  and  nearly  the 
same  for  both.  (Comparison  of  2  with  i  and  4 
with  3  shows  that  r(!impregnation  with  zirco¬ 
nium  phosphate  resulted  in  a  very  significant 


increase  in  the  strength  of  the  specinniiis  pre¬ 
pared  with  HBQY-1  cloth.  This  can  probably 
Ix!  attributed  to  a  difference  in  interface  coating 
on  the  two  cloths.  Although  the  coatings  w(!re 
intended  to  be  the  .same,  tin!  Hl’CJY-l  cloth 
appeared  darker  than  the  Astrocpiartz  aft(!r 
coating  application,  indicating  .some  diff(!rence 
in  the  coatings.  The  effect  of  monoahiminum 
phosphate  .solution  reimpregnation  can  be  eval- 
uat(!d  by  comparing  s|)ecimens  5  and  fi.  and 
although  the  porosity  was  signific:antly 
reduced,  the  strength  increase  was  very  small. 
The  great  im|X)rlanf:e  of  the  inliirfact!  coating 
can  be  seen  by  comparing  specimens  5  and  7. 
where  the  u.se  of  the  in-house  carbon  coaling 
was  found  to  result  in  the  highest  str(!ngth  ob- 
.s(!rved.  53  MPa.  The  effect iven(!ss  of  Ihi!  inter¬ 
face  c.oalings  in  protecting  the  fibers  t:an  also  be 
.seen  in  Ihi!  microsiruclures  (Figure  14). 
showing  a  dramatic  difference  in  the  pullout 
lengths  for  samples  with  thi!  BN  and  in  house 
carlxin  coatings. 


Table  4.  Flexural  Strength  and  Open  Porosity 
of  Silica  Fiber/Phosphale  Matrix  ('.omposites 


(;VI)(1/BN  In-Mouse  Carbon 

1  mm  1  mm 


Figure  14.  Fracture  surface  of  Si  ,N4/55  percent  BPO4  matrix.  SiO^  fiber  composites  with  different 
filx!r  coatings. 
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Table  5.  Flexural  Strength  and  Open  Porosity 
ol'Nicalon  Fiber  with  ZrF207/25%  Al^O;, 
Matrix  Composites 


No. 

Interface 

Coaling 

Layup 

Reimpreg 

-nation 

Strength 

MPa 

Porosity 

% 

I 

nont^ 

0(1 

nont^ 

.t2 

20 

2 

IIOHD 

o-o 

Zrl’.Or 

2(> 

20 

:t 

nont‘ 

0-4  r. 

iiont* 

4(i 

- 

A 

non<' 

o-4ri 

ni>()4 

n:i 

2;) 

r» 

(AD  C 

0-0 

(><) 

2H 

u 

(A'l)  C 

0-0 

MAP  lx 

120 

22 

7 

(Al)  C 

0-0 

MAP  2\ 

(■4 

- 

Stnmgth  and  porosity  of  Nicalon  fiber  com¬ 
posites  with  percent  AUO.t  matrix 

are  shown  in  Table  5  as  a  function  of  layup 
architectunc  interface  coaling,  and  reimpreg- 
nalion.  The  (iffecl  of  layup  architecture  can  he 
seen  by  comparing  specimens  1  and  :t.  The 
composites  with  the  0  -  4.'i  degree  layup  exhi¬ 
bited  slightly  lower  strength,  which  is  to  be 
expected  since  fewer  fibers  are  in  the  optimum 
orientation  in  tlu)  llexural  lest  specimens.  The 
effect  of  the  C.VD  carbon  interface  coating  can 
he  .seen  by  comparing  specimen  H  with  1:  the 
carbon  coating  yielded  a  significant  increase  in 
strength,  indicating  the  importance  of  protec¬ 
tive  interfaci!  coatings  for  nonoxide  fibers  as 
well.  Keimpregnations  were  found  to  reduce 
porosity  of  the  specimens,  but  the  effects  of 
num  pregnat  ions  on  slrirngth  depended  on  the 
interface  coaling  and  the  phosphate  u.sed. 
Keimpregnalion  with  /.irconium  phosphate 
(comparing  2  with  1)  resulted  in  a  decrea.se  in 
strength  of  mnirly  .50  percent,  whereas  reim- 
pnignation  with  boron  phosphate  (comparing  4 
with  :t)  yiidded  a  significant  increase  in 
strength.  This  difference  can  he  attributed  to 
the  lairing  temperatures  of  the  two  phosphates. 
Keim|)regnation  with  MAP  (comparing  .5  and  0) 
was  found  to  nearly  doid)le  the  strength. 
However,  a  second  reimpregnation  (sample  7) 
n;sulted  in  a  decnui.se  in  strength.  Because  the 
specimens  wen;  fir«!d  to  700  (1  afl(!r  (uich  reim- 
pregnalion.  it  is  believed  that  the  (^VH  c.arhon 
interface  coaling  was  insufficient  to  protect  the 
fibers  during  the  sei:ond  cycle. 


Summary 

T(!chni(|ues  have  h(?en  demonstrated  for  low- 
cost.  low-temperature  processing  of  monolithic 
silicon  nitride  ceramics  and  composites  with 
both  discontinuous  and  continuous  reinforce¬ 
ment  using  phos|)hate  bonding.  Silicon  nitride 
ceramics  bonded  with  silicon,  aluminum, 
boron,  and  /irconium  phosphates  were 


prepared  and  characterized  by  strength, 
dielectric  properties,  and  water  stability.  The 
flexural  strength  of  the  ceramics  ranged  from 
40  MPa  to  96  MPa.  Pha.se  composition  and 
mechanical  properties  of  aluminum  phosphate- 
bonded  silicon  nitride  exhibited  .strong  depen¬ 
dence  on  firing  temperature  and  alumina  parti¬ 
cle  size.  The  use  of  0.0.5  pm  alumina  resulted 
in  stable  phase  composition  and  properties, 
and  is  recommended  for  further  development, 
(’eramics  bonded  with  zirconium  phosphate 
exhibited  the  highest  room  temperature 
strength.  These  compositions  also  exhibited 
excellent  thermal  shock  resistance  and  strength 
retention  up  to  800°C^  All  the  materials  had 
low  and  thermally  stable  dielectric  constant 
and  lo.ss  tangent,  which  together  with  good 
strength  make  them  promising  candidates  for 
electromagnetic  window  applications. 
Phosphate-bonded  silicon  nitride  showed  high 
water  stability  when  fired  at  900°C. 

(’eramic  composites  were  prepared  with  a 
variety  of  whiskers  (SiC.  Si;,N4).  fibers  (fu.sed 
silica.  Nicalon).  and  phosphate-bonded  AI2O;, 
and  Si  jN^  matrices.  Properties  of  the  materials 
were  c:haracterized  as  a  function  of  matrix  com¬ 
position.  fiber  type,  fiber/matrix  interface,  and 
phosphate  reimpregnations.  Three  types  of 
interface  coatings  were  evaluated  (CVD  carbon. 
OVD  BN.  and  an  in-house  developed  carbon 
coating).  The  highest  strength  of  120  MPa  was 
olxserved  for  a  composite  containing  Nicalon 
fibers  in  a  zirconium  phosphate/alumina/ 
aluminum  phosphate  matrix.  Interface 
coatings  and  reimpregnations  were  found  to  be 
crucial  for  increasing  strength  and  require 
further  development  and  optimization. 
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Building  Materials  Prepared  From 
Phosphate-Bonded  Fly  Ash 

I.  G.  Talmy,  D.  A.  Nought  and  C.  A.  Martin 


Recent  experiments  have  demonstrated  that  phosphate-bonding 
techniques  developed  at  the  White  Oak  Detachment  for  processing 
ceramics  and  ceramic-matrix  composites  can  also  potentially  be 
used  to  convert  fly  ash,  a  waste  product,  into  a  new,  cost  effective 
family  of  building  materials. 


Fly  ash,  a  waste  by-product  of  coal  combustion  in  electrical  power  plants, 
represents  a  significant  environmental  problem.  An  estimated  80,000,000  tons 
of  fiv  ash  are  generated  per  year  in  the  United  States  alone.  Only  about  20  per¬ 
cent  of  this  amount  is  utilized,  and  the  rest  is  dumped.  Fly  ash  has  complex 
chemical  composition  containing  mostly  Si02  and  AI2O3  (up  to  80  percent), 
with  Fe203.  CaO.  MgO,  Na^O.  K2O.  SO3  and  other  oxides  as  the  remainder.  It 
may  also  contain  traces  of  hazardous  elements  such  as  arsenic,  lead,  barium, 
and  mercury.  The  chemical  composition  varies  significantly  depending  on 
coal  deposits  and  power  plant  operating  parameters. 

Various  options  of  using  fly  ash  are  being  considered,  the  most  promising 
being;  in  cement  as  a  substitute  for  shale;  in  concrete  as  a  substitute  for  cement 
and  sand,  and  as  aggregates;  in  road  construction  as  a  filler  to  bitumen  and  as  a 
substitute  for  sand  in  the  foundation  layer;  in  bricks  as  a  substitute  for  clay; 
and  for  soil  stabilization.  These  possible  ways  of  utilization  do  not  lead  to 
massive  consumption  of  the  wastes  since  fly  ash  is  not  the  major  component. 
The  development  of  alternative  uses  of  fly  ash  would  be  of  great  practical 
value,  especially  if  it  is  the  major  component  of  the  products. 

The  White  Oak  Detachment  has  developed  phosphate-bonding  techniques 
for  the  low-cost  processing  of  ceramics  and  ceramic-matrix  composites.  The 
method,  described  in  detail  in  the  previous  article,  is  based  on  the  chemical 
reaction  between  certain  metal  oxides,  hydroxides,  salts  or  other  compounds 
with  phosphoric  acid  or  other  phosphorous-containing  compounds.  As  a  result 
of  the  reactions,  strong  polymeric-like  bonds  are  formed  assuring  the  high 
strength  of  final  products.  Phosphate  bonding  technology  offers  significant 
advantages  such  as  low  temperature  firing,  readily  available  commodity  raw 
materials,  and  near-net  shape  parts,  resulting  in  overall  low-cost  processing. 

Phosphate  bonding  is  very  promising  for  utilization  of  fly  ash  since  it  con¬ 
tains  many  oxides  conventionally  used  for  this  technology.  Chemical  reac¬ 
tions  of  phosphorous-containing  compounds  with  AI2O3  and  Si02  (predomi¬ 
nant  components  of  fly  ash)  are  slow,  and  result  in  the  formation  of  strong 
bonds.  Compared  to  that,  reactions  with  CaO  and  MgO  (present  in  .some  types 
of  fly  ash  in  amounts  exceeding  20  percent)  are  vigorous  even  at  room  temper¬ 
ature,  and  represent  a  serious  and  challenging  proce.ssing  problem. 

Experiments  at  White  Oak  have  shown  that  phosphate  bonding  of  fly  ash 
holds  the  potential  of  providing  a  new  family  of  building  materials  such  as 
bricks,  tiles,  and  porous  aggregates  to  be  used  as  fillers  in  lightweight  concretes 
and  plastics.  Ceramics  were  prepared  using  four  different  types  of  fly  ash 
which  significantly  varied  in  chemical  composition.  The  bending  strength  of 
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('./ncliosloN  ilkiil.  Her  priniarv  n-sciirch  inli^n^sts  arc  in  the 
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is  ciirrentlv  tinder  invi'stieation.  The  use  of  phosphate 
lechnolof’y  for  ceramic  matrix  composites.  hif>h  tempera¬ 
ture  adhe.sives  and  coatings  is  also  heiiif)  developed.  I  ler 
work  has  resulted  in  numerous  puhlications  atid  patents. 
Dr.  Talmy's  work  has  heeti  recognized  hv  sevenil  tiwards 
such  as  the  Navy  Meritorious  (avilian  .Service  Awtird 
(l<)t)t))and  the  lohn  .\dolphus  Dahleren  Awtird  (l‘(‘)I). 


Figure  1.  The  tile  shown  here  and  the  porous 
aggregates  in  the  right  foreground  were  pre¬ 
pared  from  fly  ash  (left  foreground)  using 
phosphate-bonding  techniques. 

the  products  ranged  from  13  MPa  to  28  MPa 
(compared  to  18  MPa  for  common  bathroom 
tiles).  Porous  aggregates  with  density  below 
1  g/cm  *  were  successfully  produced.  Figure  1 
shows  a  tile  and  porous  aggregates  prepared 
from  fly  ash  using  the  developed  technology. 

The  preliminary  results  indicate  that  the 
method  can  bo  applied  to  the  production  of 
building  materials  with  fly  ash  as  the  major 
component.  Variations  in  the  composition  of 
the  fly  ash  will  not  significantly  affect  the  man¬ 
ufacturing  process  or  properties  of  the  final 
product.  The  technology  ba.sed  on  phosphate 
bonding  can  be  easily  transferred  to  existing 
plants  and  facilities.  One  of  the  important 
advantages  of  the  process  is  the  formation  of 
water  in.soluble  metal  phosphates,  including 
hazardous  metal  phosphates  which  will  pre¬ 
vent  contamination  of  the  environment  from 
leaching. 

Future  work  will  be  concentrated  on  opti¬ 
mization  of  processing  parameters,  thorough 
characterization  of  the  products,  and  the  devel¬ 
opment  of  industrially  feasible  and  low-cost 
processing  methods. 
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Lithium  Rechargeable  Batteries  for 
Underwater  Vehicle  Propulsion 

Patricia  H.  Smith  and  Stanley  D.  fames 


The  Naval  Surface  Warfare  Center.  Dahlgren  Division,  is 
developing  a  high  energy,  rechargeable  lithium  battery  that  will 
significantly  extend  the  capabilities  of  naval  underwater  vehicles 
such  as  the  SEAL  delivery  vehicle.  The  lithium/cobalt  oxide  battery 
under  investigation  has  the  potential  to  double  vehicle  range  and 
greatly  improve  battery  lifetime  (charge-discharge  cycle  life), 
storability,  and  low-temperature  operation.  It  would  replace  the 
silver  oxide/zinc  battery,  currently  the  principal  power  source  for 
underwater  vehicle  propulsion.  The  lithium/cobalt  oxide  elec¬ 
trochemical  couple  has  been  successfully  demonstrated  in 
30-amp-hour  capacity,  hermetic  cells.  Projections  indicate  that,  at 
the  400-amp-hour  cell  size  used  in  the  SEAL  vehicle,  this  battery 
will  meet  program  goals,  resulting  in  a  more  durable,  energy-dense, 
and  cost-effective  power  source  for  naval  vehicles. 


Introduction 

In  collaboration  with  Alliant  Techsystems  Inc.,  Power  Sources  Center 
(Horsham,  Pennsylvania),  the  Naval  Surface  Warfare  Center,  Dahlgren 
Division,  White  Oak  Detachment,  is  investigating  the  feasibility  of  using 
lithium  rechargeable  batteries  for  underwater  vehicle  propulsion.  Many 
underwater  vehicles  are  currently  powered  by  silver  oxide/zinc  (AgO/Zn) 
cells.  Although  AgO/Zn  is  the  most  energetic  high-rate  secondary  battery  now 
available,  its  energy  density  (55-  to  65-watt-hours  per  pound)  limits  its 
usefulness.  Other  major  disadvantages  of  this  system  include:  (1)  limited 
number  of  charge-discharge  cycles  before  failure,  (2)  a  substantial  drop  in 
energy  density  near  the  end  of  cycle  life,  and  (3)  a  poor  wet  stand  life. 

The  ultimate  objective  of  our  lithium  rechargeable  battery  effort  is  to 
develop  a  400-amp-hour  cell  displaying  the  following  characteristics: 

Energy  Density:  100-watt-hours  per  pound 

Rate  Capability:  C/6  (delivering  full  capacity,  C,  in  6  hours) 

Cycle  Life:  50  cycles 

Operating  Temperature:  -2°C  to  35°C 

Shelf  Life:  5  years 

The  technology  will  have  been  embodied  in  cells  of  two  intermediate  sizes 
(30-  and  100-amp-hour)  prior  to  the  final  400-amp-hour  cell  development. 

This  article  discusses  results  obtained  in  sealed,  multiplate  30-amp-hour  size 
cells.  The  energy-density  goal  for  the  30-amp-hour  cell  (65-watt-hours  per 
pound)  was  less  than  that  for  the  100-amp-hour  cell.  In  smaller  cells,  the  ratio 
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of  inert  materials  (containers,  separators,  bus 
bars,  etc.)  to  reactive  materials  (chemicals)  is 
greater,  and  consequently  the  energy  density  is 
less.  Previous  reports  traced  the  development 
through  fixtured  cells'  and  10-amp-hour  .size 
units^that  were  design  precursors  to  the  30- 
amp-hour  cells. 

The  electrochemical  couple  selected  to  meet 
our  ultimate  objective  is  lithium/cobalt  oxide 
(Li/LixCo02).  The  discharge  reaction  of  this 
cell  involves  the  electrochemical  oxidation 
reaction  of  a  lithium  (Li)  anode  to  its  dissolved 
ions  and  the  electrochemical  reduction  of  a 
lithiated  cobalt  oxide  (LixCo02)  cathode  with 
the  concurrent  intercalation  of  lithium  ions 
into  that  oxide.  The  cell  reaction  is: 

Dischlirgtt 

(l-x)  Li  +  LixCo02  ,  *  LiiCo02. 

Cells  whose  cathodes  cycle  in  the  range  0.5  < 
X  <  1  display  a  nearly  flat  discharge  curve  with 
a  midpoint  voltage  of  3.9  volts  at  the  C/6  rate 
compared  to  1.5  volts  for  AgO/Zn  cells.  Pro¬ 
jections  indicate'  that  400-amp-hour  cells 
operating  in  this  range  will  meet  program  cycle 
life  and  energy  density  goals.  With  minor 
changes  to  the  cathode,  the  stoichiometric- 
range  may  be  successfully  extended'  to  values 
of  X  <  0.5  with  a  corresponding  increase  in 
energy  density.  Such  studies  are  not  addressed 
in  the  current  program. 

Cell  Construction 

The  cells  had  a  nominal  30-amp-hour  capac¬ 
ity  and  were  of  a  multiplate  construction.  The 
container,  shown  in  Figure  1.  was  a  2.5-inch- 
diameter.  6-inch-high  cylinder.  The  photo¬ 
graph  also  shows  the  two  terminals  (electrically 
isolated  from  the  case  by  glass-to-metal  seals),  a 
safety  vent  designed  to  release  at  360  psig.  and 


Figure  1.  Rechargeable.  30-amp-hour  lithium/ 
cobalt  oxide  cell. 


a  tube  used  to  fill  the  cell  with  electrolyte. 

After  filling,  the  tube  was  closed  off 
mechanically  to  establish  a  hermetic  seal. 

The  electrolyte  solution,  prepared  in  a  glove 
box  under  an  argon  atmosphere,  consisted  of 
1.0  molar  lithium  hexafluoroarsenate 
(La  Roche.  Electrochemical  Grade)  and 
0.4  molar  lithium  tetrafluoroborate  (P'oete 
Mineral  Company.  Electrochemical  Grade) 
dissolved  in  methyl  formate  obtained  from 
E.M.  Science  (Battery  Grade  made  specially  for 
Alliant  Techsy.sfems).  Carbon  dioxide  was  then 
passed  through  the  solution  at  a  pre.ssure  of 
30  psig  for  at  least  30  minutes  to  saturate  it. 
Dissolved  carbon  dioxide  raises  the  cycling 
efficiency  of  the  lithium  anode  and  avoids  the 
need  for  excessive  amounts  of  lithium  metal. 

Anodes  were  made  from  0.008-inch-thick 
lithium  foil  (Li  >  99%,  Foote  Mineral  Com¬ 
pany)  pressed  onto  both  sides  of  a  316  Stainless 
Steel  grid.  The  0.027-inch-thick  cathodes  con¬ 
sisted  of  a  blend  of  85-weight-percent  LiCo02 
(Alfa  Products),  10-weight-percent  carbon  black 
(Vulcan  XC-72.  Cabot  Corporation),  and 
5-weight-percent  Teflon  obtained  from 
Du  Pont.  It  should  be  noted  that  the  LixCo02 
used  to  prepare  the  cathode  was  in  the  fully 
lithiated  (discharged)  state,  i.e..  x  =  1. 

Therefore,  after  the  cell  was  assembled  and 
filled  with  electrolyte,  it  had  to  be  charged 
prior  to  the  first  discharge.  The  cathode  grid 
was  made  from  Aluminum  1100,  Microporous, 
high-density  polyethylene  (E003,  3M  Company) 
was  used  for  the  0.0012-inch-thick  .separator, 
which  prevents  a  direct  electrical  short  of 
anode  to  cathode.  All  anodes  were  individu¬ 
ally  heat  sealed  inside  a  two-layer  separator 
envelope,  while  cathodes  were  sealed  in  a 
one-layer  separator  envelope.  Thus,  including 
one  loose  layer  of  separator,  there  was  a  total  of 
four  layers  (0.0048  inch)  between  anode  and 
cathode.  The  stack  as.sembly  is  shown  in 
Figure  2. 

To  construct  the  cell  stack,  plates  of  opposite 
polarity  (anodes  and  cathodes)  were  alternately 


Figure  2.  Cell  stack  assembly  for  rechargeable. 
30-amp-hour  lithium/cobalt  oxide  cell. 
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inttirleavticl  perpenclic.ular  to  the  axis  of  the 
cylinder.  Bus  bars  c:onnei:ted  the  electrically 
paralleled  plates  of  each  polarity  to  the  cell 
terminals.  The  bus  bar  and  current  collectors 
(grids)  were  made  from  Aluminum  1100  and 
Stainless  Steel  .116  for  cathode  and  anode, 
respectively.  Spacers  were  used  to  control  cell 
stat:k  compression  and  to  provide  electrical 
contact  between  the  cell  stack  and  the  bus  heir. 
Cells  typically  weighed  2.2  pounds  and  were 
designed  to  be  cathode  limited.  The  actual 
capacity  of  the  cells  when  discharged  from  a 
cathode  composition  of  Lio  r,Co02  to  LiCo02 
was  13  amp  hours.  The  cathode  material,  with 
a  total  surface  area  of  approximately  3600  cm^, 
was  distributed  over  89  plates.  The  anode 
consisted  of  88  plates  as  previously  described 
and  two  half  (end)  anodes  that  had  lithium  foil 
on  only  one  side  (0.008-inch  thick  versus 
0.016-inch  thick). 


Cell  Testing 

To  assist  in  the  evaluation  of  the  lithium 
technology,  commercial  30-amp-hour  AgO/Zn 
cells  (LR30)  were  purchased  from  Yardney 
Technical  Products  Inc.  These  cells  (Figure  3) 
were  7. .50"  high  x  2.01"  wide  x  1.04"  deep  and 
weighed  1.1  pounds. 

Both  lithium  and  silver  oxide/zinc  cells  were 
evaluated  for  electrical  performance  at  room 
temperature  (22°C  ±  2'^C)  and  in  temperature- 
controlled  chambers  .set  either  at  -2°C  or  35°C. 
Cells  were  cycled  (discharge,  charge,  etc.)  using 
an  automated  battery  cycler  which  di.scharged 


Figure  3.  Rechargeable.  30-amp-hour  silver 
oxide/zinc  cell  purcha.sed  from  Yardney  Tech¬ 
nical  Products  (model  LR30). 


them  at  constant  current  at  the  C/6  rate  to  a 
cutoff  voltage  of  3.0  volts  for  Li/LixCoC)2  or 
l.l  volts  for  AgO/Zn  cells.  Cells  were  charged 
using  constant  current  at  the  10-hour  rate 
(C/lO).  In  the  case  of  lithium  cells,  charging 
was  terminated  when  the  cathode  composition 
was  calculated  to  have  fallen  from  LiCo02  to 
Li„  5C0O2  or  when  the  cell  voltage  reac:hed 
4.3  volts,  whichever  occurred  first.  Silver 
oxide/zinc  cell  charging  was  terminated  when 
the  cell  voltage  reached  2.05  volts.  The  cycle  at 
which  the  t:ell  delivered  less  than  25-anip-hour 
(80%  of  the  nominal  capacity)  w'as  taken  as  the 
end  of  life. 

A  key  objective  of  the  test  program  was  to 
evaluate  the  shelf  life  of  Li/LixCo02  cells  and 
compare  it  to  that  of  the  AgO/Zn  technology. 
This  was  accomplished  by  allowing  both  types 
of  cells  to  remain  at  open  circuit  (neither  dis¬ 
charging  nor  charging)  for  three  months,  both  at 
22°C  and  35°C.  Two  comparisons  were  made: 
one  in  which  the  cells  were  .stored  in  their  fully 
charged  state  and  another  where  the  cells  w'ere 
discharged  prior  to  storage.  After  being  stored 
for  three  months,  the  cells  were  cycled  at  22°C. 
as  described  above,  to  assess  any  performance 
degradation  caused  by  storage. 

Cycling  Performance 

Figure  4  compares  20th  cycle  discharges  (at 
the  C/6  rate)  for  lithium  and  silver  cells  cycled 
at  -2°C,  22'’C.  and  35°C.  Li/LixCo02  cell  perfor¬ 
mance  was  affected  only  slightly  by  tempera¬ 
ture.  and  the  cells  maintained  a  flat,  plateau 
voltage  above  3.9  volts,  while  delivering  over 
30-amp-hours  of  capacity.  In  contrast,  the 
AgO/Zn  cell  performance  deteriorated  sharply 
at  the  lower  temperature  (-2°C).  delivering  only 
15  amp  hours  above  1  volt.  Furthermore,  the 
silver  cells  had  poor  voltage  regulation  and 
displayed  two  distinct  voltage  plateaus  (1.85 
and  1.5  volts  at  the  higher  temperatures). 


Figure  4.  Discharge  curves  (20th  cycle)  for 
lilhium/lithium  cobalt  oxide  and  silver  oxide/ 
zinc  cells. 
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Table  1.  Performance  of  30-Amp-Hour 
Lithium/Cobalt  Oxide  Cells 


Cell  No. 

— 

Temp. 

(°C) 

Cycles 

Achieved* 

Average 

Energy 

Density 

(Wh/lb) 

N6-CO-004 

35 

23 

50 

N6-CO-005 

35 

4 

48 

N6-CO-006 

22 

— 

1 

60 

N6-CO-007 

-2 

37 

62 

N6-CO-008 

-2 

41 

58 

N6-CO-009 

22 

40 

57 

N6-CO-010 

22 

37 

55 

N6-CO-011  i  35 

iT-- 

59 

N6-CO-012  j  35 

30 

55 

N6-CO-013  !  22 

21 

57 

1  *  Delivering  more  than  25  Ah.  | 

A  summary  of  the  cycling  data  for  30-amp- 
hour  Li/Li^^CoO^  cells  is  presented  in  Table  1. 
These  cells  did  not  achieve  the  50  charge- 
discharge  cycles  demonstrated  earlier  with 
smaller  cells  (0.03.  2.5  and  10  Ah).’-^ 

However,  their  average  energy  densities  were 
similar.  Detailed  postmortem  examinations 
conducted  on  cell  components  indicated  that 
cells  failed  becau.se  of  dendritic  lithium  .shorts. 
During  charge,  plated  lithium  penetrated  the 
separator  and  contacted  the  cathode.  The 
resulting  "soft  shorts"  formed  internal  shunts, 
causing  the  effective  charging  current  to  be  less 
than  nominal.  This  failure  mode  will  probably 
be  typical  of  fully  developed  cells. 

Comparison  of  the  performance  of  30-amp- 
hour  Li/LixCo02  cells  with  30-amp-hour 
AgO/Zn  showed  that  the  higher  voltage 
lithium  system  yielded  greater  energy  density 
(F'igure  5).  Lithium  cells  also  gave  more 
charge-discharge  cycles  with  almost  40  percent 
more  energy  densiiy  on  a  gravimetric  basis.  On 


Figure  5.  Comparison  of  energy  density  for 
lithium/lithium  cobalt  oxide  and  zinc/silver 
oxide  cells  as  a  function  of  cvcle  life. 


a  volumetric  basis,  lithium  was  approximately 
50  percent  more  energy  dense.  Lithium's 
advantage  was  especially  marked  at  -2  C. 
where  Li/Li^CoOv  cycles  four  times  longer  than 
AgO/Zn.  The  40-watt-hours  per  pound 
obtained  from  the  silver  cells  is  significantly 
less  than  the  63-watt-hours  per  pound  cited  by 
the  manufacturer  for  the  10-hour  discharge 
rate.’* 


Storage  Performance 

One  of  the  problems  associated  with  AgO/Zn 
technology  is  its  limited  storage  life.  Reports 
from  the  fleet  indicate  that  a  silver  cell  loses 
substantial  capacity  after  only  three  months' 
.storage  in  the  charged  state.  This  is  borne  out 
by  results  displayed  in  Figure  6.  which  com¬ 
pares  the  storabiiity  of  the  two  electro¬ 
chemistries.  No  capacity  was  lost  by  either 
system  after  storage  in  the  discharged  state 
(curves  A  and  C).  However,  after  three  months 
of  charged  storage,  lithium  and  silver  cells  lost 
35  percent  and  60  percent,  respectively,  of 
initial  capacity.  Not  only  is  this  initial  capacity 
loss  greater  for  silver  than  for  lithium,  but  even 
worse,  silver  oxide/zinc's  capacity  loss  is 
essentially  irreversible,  i.e..  it  cannot  be 
recovered  by  recharging.  In  contrast,  lithium/ 
cobalt  oxide's  cell  capacity  is  fully  recovered 
on  recharge.  Thus.  Li/LixCo02  cells  are  far 
more  storable,  making  the  logistics  of  their  u.se 
in  the  fleet  much  more  attractive. 


Safety 

As  with  any  newly  emerging  power  source, 
.safety  must  be  demonstrated  prior  to  service. 

In  the  case  of  lithium  batteries,  adoption  by  the 
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Figure  6.  Effect  of  three-month  storage  at  35  C 
on  the  performance  of  lithium/cobalt  oxide  and 
silver  oxide/zinc  cells,  (lurves  A  and  B  refer  to 
lithium  cells  stored  in  the  discharge  and 
charged  state,  respectively.  Curves  C  and  D 
refer  to  silver  cells  stored  in  the  discharged  and 
charged  state,  respectively. 
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fleet  has  been  slow,  primarily  due  to  poor  early 
designs,  manufacturing  flaws,  and  accidental 
misuse.  Today,  lithium  batteries  have  found 
widespread  use  in  the  Navy  in.  for  example, 
countermeasure  and  firing  devices,  missiles, 
exercise  torpedoes,  mines,  transponders,  and 
computers. 

An  understanding  of  lithium  battery  charac¬ 
teristics  under  all  possible  operational  condi¬ 
tions  is  the  key  to  the  control  of  safety  hazards. 
The  battery  can  then  be  designed  with  safety 
devices  such  as  pressure  relief  valves,  fuses  to 
protect  against  electrical  and  thermal  overload, 
and  diodes  to  prevent  cell  overdischarge  or 
overcharge.  Thu  lithium/cobalt  oxide  system 
remains  in  the  early  stage  of  its  development 
and  has  not  been  designed  with  such  features. 
Consequently,  it  would  be  premature  to  con¬ 
duct  extensive  .safety  evaluations,  such  as  those 
required  in  NAVSEA  Instruction  9310.18.'*  A 
preliminary  assessment  (4  cells)  of  this  tech¬ 
nology,  however,  was  conducted  on  AA-  and 
D-size  cells.  In  all  ca.ses.  when  cells  were 
abu.sed  by  heating,  short-circuiting,  or  over¬ 
charging,  they  behaved  safely.  There  was  only 
one  venting.  It  occurred  when  an  AA  cell  was 
cycled  5  times,  then  in  the  charged  state, 
heated  to  110°C.  The  cell  properly  vented 
through  a  coined  vent.  No  fire  was  observed. 
This  work  will  be  reported  in  greater  detail  at  a 
future  date. 


Conclusions  and  Future  Work 

A  high-energy-density  electrochemical 
couple,  lithium/cobalt  oxide,  was  demon¬ 
strated  in  30-amp-hour  cells.  Although  the 
cells  did  not  meet  the  .“iO-cycle  goal,  the 
program  is  viewed  as  a  success.  The  higher 
voltage  lithium  system  yielded  energy  densities 
40  to  50  percent  greater  than  silver  cells. 
Lithium's  cycle  life  was  found  to  be  superior  to 
that  of  AgO/Zn,  especially  at  low  temperature 
(-2'’C),  where  Li/LixCo02  cycles  four  times 
longer  than  AgO/Zn. 

The  next  stage  of  the  program  is  directed 
toward  .scaling  up  the  technology  to  a  size 
suitable  for  the  SEAL  delivery  vehicle  (SDV). 


It  is  anticipated  that  the  cell  will  be  rec¬ 
tangular.  as  opposed  to  cylindrical,  with  a 
capacity  between  400-  and  700-amp-hours. 

This  would  allow  a  straightforward  retrofit  into 
existing  vehicles,  which  are  now  powered  by 
rectangular  AgO/Zn  cells.  A  preliminary 
design  analysis  indicated  that  development 
efforts  should  focus  on  the  cathode.  A 
substantial  improvement  in  energy  density 
could  be  realized  if  the  cathode  density  were 
increased  from  2.5  grams  per  cubic  centimeter 
to  3.0  grams  per  cubic  centimeter,  the  thickness 
from  0.027  inch  to  0.080  inch,  and  the  per¬ 
centage  of  cobalt  oxide  in  the  cathode  raised 
from  85  to  87.  Such  design  changes  could 
result  in  an  SDV-sized  cell  with  an  energy 
density  of  120-watt-hours  per  pound.  A  battery 
comprising  these  cells  would  double  the  SDV 
range. 
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Effect  of  Alloy  Composition  on  the 
Corrosion  Characteristics  of  Jimgsten 
Superalloys 

A.  N.  Mansour  and  K.  L.  Vasanth 


Tungsten  superalloys  prepared  by  liquid  phase  sintering  are 
employed  as  the  armor-piercing  core  of  medium-  to  large-caliber 
kinetic  energy  ammunition  and  as  preformed  fragments  in  various 
antiaircraft  and  antimissile  warheads.  The  technique  of  x-ray 
absorption  fine  structure  (XAFS)  spectroscopy  described  in  this 
article  allows  identification  of  corrosion  products,  and  hence  per¬ 
mits  design  of  superalloys  strongly  resistant  to  corrosive  environ¬ 
ments.  Specifically,  XAFS  spectroscopy  is  used  to  determine  the 
effect  of  composition  on  corrosion  and  to  examine  the  electronic 
and  atomic  structure  of  corrosion  products  on  two  W-Ni-Fe  alloys 
immersed  in  3.5  weight  percent  NaCl  solution  (seawater  equiva¬ 
lent).  Analysis  of  the  XAFS  data  indicates  that  the  chemical  and 
structural  nature  of  Fe  in  the  corrosion  products  of  both  alloys  is 
similar  to  that  of  a  highly  structurally  disordered  form  of  a-Fe203. 
The  chemistry  and  structure  of  Ni  in  the  corroded  alloys  are  simi¬ 
lar  to  those  of  metallic  Ni  except  for  a  small  fraction  (less  than  20 
percent),  which  is  present  in  an  oxidized  form.  Tungsten  is  the 
component  of  the  alloy  least  affected  by  the  corrosion  process. 


Introduction 

Tungsten  alloys,  referred  to  as  “superalloys"  because  of  their  high  density 
and  strength,  are  important  engineering  materials  for  numerous  military  and 
industrial  applications.^  In  military  applications,  they  are  used  as  the  armor¬ 
piercing  core  of  medium-  to  large-caliber  kinetic  energy  ammunition  and  as 
preformed  fragments  in  various  antiaircraft  and  antimissile  warheads, 
industrial  applications  include  counterbalances,  gyroscope  rotors,  and  radia¬ 
tion  shields.  These  alloys  are  prepared  by  liquid  phase  sintering  in  which 
tungsten  particles  are  dissolved  in  a  liquid  solution  of  Ni-Fe,  Ni-Cu,  or  Ni-Co.^ 
The  outcome  of  this  process  is  a  two-phase  structure  consisting  of  tungsten 
particles  cemented  together  with  an  alloy  containing  a  solid  solution  of  W-Ni- 
Fe.  W-Ni-Cu,  or  W-Ni-Co.  The  W  in  the  solid  solution  is  present  in  very  small 
quantities  compared  to  Fe.  Ni,  Cu.  or  Co. 

The  corrosion  characteristics  of  tungsten  alloys  with  various  alloying  ele¬ 
ments  have  been  studied  by  several  authors.  Andrew  et  al.^  reported  that  a  W 
3.5  weight  percent,  Ni  2.5  weight  percent  Co  alloy  readily  corrodes  when 
exposed  to  air  saturated  with  water  vapor.  Koger^  observed  that  the  corrosion 
rate  for  a  W  3.5  weight  percent,  Ni  1.5  weight  percent  Fe  alloy  increased  with 
an  increase  in  pH.  Vasanth  et  al.^  and  Vasanth  and  Dacres*’  reported  on  the 
polarization  resistance  measurements  and  pitting  studies  for  five  W-Ni-Fe 
alloys  with  varying  compositions  immersed  in  3.5  weight  percent  sodium 
chloride  (NaCl)  solution.  Based  on  immersion  studies  of  these  five  alloys  in 
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natural  soawator.  tho  authors  reported  a  oorro- 
sion  rate  of  less  than  2  mils  per  year.  However, 
the  chemistry  and  structure  of  corrosion  prorl- 
ucts  have  not  previously  been  investigated. 

XAFS  spe(;troscopy  is  a  powerful  technique 
for  investigating  the  chemistry  and  structure  of 
materials  and  has  been  widely  usetl  in  corro¬ 
sion  and  electrochemical  research.'  -*  X-ray 
absorption  near-edge  structure  (XANES)  spec¬ 
troscopy  is  useful  for  valence  state  and  site 
symmetry  determinations.  Extended  x-ray  ab¬ 
sorption  fine  structure  (EXAFS)  spectroscopy, 
on  the  other  hand,  is  useful  for  strut:tural  analy¬ 
sis.  XAFS  experiments  can  he  performed  under 
e.v  situ  or  in  situ  conditions,  making  the  tech¬ 
nique  uniquely  suited  to  corrosion  and  electro¬ 
chemical  investigations.  The  atomic  specificity 
feature  of  XAF'S  spectroscopy  renders  the  tech¬ 
nique  useful  for  studying  alloys  with  many 
components  sint;e  it  permits  determination  of 
the  local  structure  of  individual  components. 
The  only  exceptions  are  those  alloys  consisting 
of  elements  with  closely  overlapjring  x-ray 
absorption  edges.  The  aim  of  the  current  inves¬ 
tigation  is  to  use  XAFS  spectroscopy  to  deter¬ 
mine  the  effect  of  alloy  composition  on  corro¬ 
sion  and  examine  the  electronic  and  atomic 
structure  of  Fe.  Ni.  and  VV  in  the  corrosion 
products  of  two  VV-Ni-Fe  alloys  immersed  in 
3.,')  weight  percent  Na(]l  solution  at  ambient 
laboratory  temperature  anti  ftressure. 

Experiment 

'I’wo  VV-Ni-Fe  alloys  labeled  K1  (98. .5  VV. 

0.9  Ni.  and  0.6  Fe  wF’/ii)  and  SI  (94.8  VV.  3.4  Ni. 
and  1.9  Fe.  wt%)  were  u.sed  in  this  investiga¬ 
tion.  Detailed  analysis  of  the  microstructure 
and  composition  of  these  alloys  as  determined 
by  scanning  electron  microscopy  and  energy 
dispersive  x-ray  analysis  was  presented  in  ear¬ 
lier  publications.’  •’  Samples  in  di.sc  form, 
roughly  1.2  cm  in  diameter  and  0.4  cm  thick, 
were  cut  from  the  alloy  material  with  a  dia¬ 
mond  disc  saw.  The  specimens  were  wet  pol¬ 
ished  with  320A.  400A.  and  600A  silicon  car- 
hide  paper,  rinsed  with  distilled  H2O.  acetone 
degreased,  and  air  dried.  C^orrosion  was  then 
induced  by  immersing  the  samples  for  17  days 
in  a  glass  beaker  containing  3. .5  weight  percent 
NaCl  solution  (which  mimics  .seawater)  at 
ambient  laboratory  temperature  and  pressure. 

XAF.S  spectral  measurements  were  made  on 
both  control  alloys  (no  induced  corrosion)  and 
corroded  allovs.  .Spectra  of  tlm  Fe  K-edge 
(7112.0  eV)  and  Ni  K-edge  (8333.0  eV)  were 
obtained  in  the  fluore.scenc*!  detection  mode 
suitable  for  low  elemental  concentrations  such 
as  those  of  Ni  and  Fe."’  Spectra  of  the  VV  L,- 
edge  (10207.0  eV)  were  measured  in  both  the 


nuorescence  and  total  tdectrcm  yield  detection 
nuxles.  The  electron  yield  data  are  mon;  sur¬ 
face  sensitive  than  fluorescence  data,  and  thus 
more  useful  for  investigating  thin  films  of  cor¬ 
rosion  products.  The  background  component 
due  to  elastic:  anc*  (iompton  scattc^ring  of  the? 
inc;ident  x-rays  was  minimi/ed  by  use  of  an 
aluminnm  soller  slits  assembly  and  Mn.  Ho. 
and  Cai  filters,  each  with  an  effectiv  e  thickne^ss 
of  thrc?e  absorption  lengths,  for  the  Fe  K-edge. 

Ni  K-edge.  and  VV  L,-edge  fluoresetmee  data, 
respectively.  Tlu^  X.M'.S  data  were  c olhuited 
from  an  analysis  arc'a  of  12  mm  by  1  mm.  For 
fluorescence  data.  63  percent  of  the;  Fe  K-edge. 

Ni  K-edge.  and  VV  L  )-edge  signal  originates 
from  a  clepth  of  approximately  3.5  pm.  4.0  pm. 
and  3.6  pm.  respectively.  For  the  VV  L;,-edg(i 
total  electron  yield  data,  the  escape  depth  for 
the  resulting  Auger  electrons  is  estimated  at 
approximately  300  A. 

Refcirence  samples  of  pure  Fe  (5  pm  thick), 
pure  Ni  (6  pm  thick).  a-Fe20;,.  and  NiO  wen? 
also  investigated  to  serve  as  standards  for  com¬ 
parison  purposi?s  and  suh.sequent  data  analy¬ 
sis.  Samples  of  research-grade,  high  purity 
pow'ders  of  a-l'e^^^ic  were  prepared 

for  the  XAFS  measurements  by  grinding  the 
powder  into  fine  particles.  Small  particles  less 
than  20  pm  in  diameter  were  selec;ted  by  siev¬ 
ing  through  a  20  pm  size  nylon  screen.  Fhe 
fine  particles  were  then  deposited  on  Kapton 
tape  and  several  layers  were  stacked  to  give  a 
relatively  uniform  thickness  appropriate  for 
the  XAFS  measurements  in  the  transmission 
mode.  To  ensure  the  reliability  of  measurc'd 
EXAFS  amplitudes.  XAFS  measurements  wem* 
made  with  two  thickne.s.ses  of  each  sample  to 
check  for  spurious  signals  which  might  arise 
from  the  thickness  effect.  I’or  a-Fe^O  ).  two 
and  four  layers  giving  a  Apx  of  0.53  and  1.00. 
respectively,  and.  for  NiO.  four  and  eight  lay¬ 
ers  giving  a  Apx  of  0.49  and  0.95.  respectively, 
were  investigated. 

X-ray  absorption  measurements  were  per¬ 
formed  on  beamline  X-llA  at  the  National 
.Synchrotron  Eight  .Source  (NSLS)  with  an  elec¬ 
tron  energy  of  2.5  GeV/  and  a  stored  current  in 
the  range  of  110  to  220  mA.”  Data  were  col¬ 
lected  with  a  variable-exit,  double-crystal 
monochromator  using  two  flat  .Si(l  1 1)  crystals. 
Harmonics  were  rejected  by  applying  a  15  p(>r- 
cent  detuning  at  500  eV  above  the  Fe.  Ni.  and 
VV  x-ray  absorption  edge  energies.  The  x-ray 
intensities  were  monitored  using  ionization 
chambers  filled  wdth  nitrogen  gas  for  both  the 
incident  and  transmitted  beams,  krypton  gas  for  35 
the  fluorescence  signal,  and  helium  gas  for  the 
total  electron  yield  signal.  Energy  calibration 
for  the  Fe  and  Ni  K-edge  data  of  a-F'e^G ,  and 
NiO  oxide  samples  was  monitored  using  Fe  and 
Ni  foils  as  reference  samples  and  a  third  ion 
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for  fluorescence  data,  and  I^/I„  tor  electron 
yield  data  with  1(,.  I,  If,  and  I,,  being  the  inci¬ 
dent,  transmitted,  fluorescence,  and  electron 
yield  intensities,  respectively,  and  x  is  the  sam¬ 
ple  thickness.  In  determining  p„x,  correction  is 
made  for  the  energy  dependence  of  the  incident 
x-ray  intensity  in  the  fluorescence  and  total 
electron  yield  measurements  by  using  cross 
sections  calculated  with  McMaster  coeffi¬ 
cients.^"*  The  pre-edge  background  absorption. 
Pp.  is  determined  from  a  quadratic  fit  to  the 
data  roughly  300  to  30  eV  below  the  edge  ener¬ 
gy  and  then  extrapolating  over  the  entire  range 
of  the  spectrum.  The  smoothly  varying  atomic 
absorption.  nJE),  was  determined  by  fitting  the 
post  edge  data  with  cubic  spline  function.  An 
energy-independent  step  normalization  is 
applied  by  dividing  with  the  value  of  the  atom- 


Description  of  XANES  and  EXAFS  Spectroscopy 

The  attenuation  of  x-rays  passing  through  material  takes  place  via  scattering  with  other  elec¬ 
trons  in  the  system,  pair  production,  and  the  photoelectric  effect.  Scattering  in  which  the  ener¬ 
gy  of  the  scattered  photon  is  modified  from  its  initial  energy  is  referred  to  as  Compton  scatter¬ 
ing.  Pair  production  corresponds  to  the  simultaneous  formation  of  a  positron  and  an  electron 
from  a  photon,  which  can  only  occur  when  the  photon  has  an  energy  >  1.02  MeV  and  passes 
close  to  an  atomic  nucleus.  Attenuation  of  x-rays  in  the  vicinity  of  an  x-ray  absorption  edge  is 
mainly  caused  by  the  photoelectric  effect.  The  photoelectric  process  takes  place  when  the  x-ray 
photon  energy  is  equal  to  or  greater  than  the  binding  energy  of  a  core  electron  in  an  atom.  In 
this  process,  the  energy  of  the  x-ray  photon  is  absorbed  by  the  core  electron,  which  is  then  eject¬ 
ed  to  unoccupied  states  above  the  Fermi  level.  The  occurrence  of  this  process  leads  to  a  rapid 
increase  in  the  x-ray  absorption  coefficient  with  increase  in  energy  resulting  in  a  structure 
referred  to  as  the  “x-ray  absorption  edge.”  The  x-ray  absorption  edge  jump,  Apx  (p  is  x-ray 
absorption  coefficient  and  x  is  sample  thickness),  is  a  quantitative  measure  of  the  strength  of  the 
absorption  process  measured  as  the  difference  in  the  absorption  cross  section  above  and  below 
the  edge  energy.  The  x-ray  absorption  edge  energy  is  characteristic  of  tlie  element  being  investi¬ 
gated,  as  it  represents  the  binding  energy  of  the  inner-shell  electrons.  In  the  energy  range  which 
extends  from  threshold  up  to  40  eV  above  the  x-ray  absorption  edge  energy,  the  structure  is  due 
to  electronic  transitions  to  unoccupied  states  and  has  been  historically  referred  to  as  the  "x-ray 
absorption  near-edge  structure  (XANES).”  For  energies  extending  from  40  up  to  1500  eV  above 
the  edge  energy,  an  oscillatory  fine  structure  referred  to  as  the  “extended  x-ray  absorption  fine 
structure  (EXAFS)”  is  observed.  These  EXAFS  oscillations  are  due  to  the  interference  of  the  out¬ 
going  wave  of  the  ejected  photoelectron,  with  ingoing  waves  due  to  scattering  by  electrons  of 
neighboring  atoms.  The  outgoing  and  ingoing  waves  interfere  constructively  or  destructively  in 
a  manner  characteristic  of  the  local  atomic  structure.  Analysis  of  these  oscillations  provides 
information  with  regard  to  coordination  number  (number  of  atoms  at  a  fixed  distance)  and  bond 
length. 

When  a  core  level  of  an  atom  is  ionized,  such  as  by  absorbing  an  x-ray  photon  (i.e.,  photo¬ 
electric  effect),  the  atom  can  decay  to  a  lower  energy  state  through  an  electronic  rearrangement. 
The  energy  difference  between  these  two  states  of  the  atom  will  be  released  by  emitting  a  fluo¬ 
rescence  photon,  in  the  radiative  decay  mode,  or  by  emitting  an  Auger  electron,  in  the  non- 
radiative  decay  mode.  In  both  cases,  the  energy  of  the  emitted  fluorescence  photon  or  the  Auger 
electron  is  characteristic  of  the  parent  atom.  Since  both  the  fluorescence  yield  and  the  Auger 
electron  yield  are  proportional  to  the  absorption  cross  section,  measurements  of  the  EXAFS 
oscillations  can  be  achieved  by  measuring  the  fluorescence  or  the  Auger  electron  yields.  EXAFS 
measurements  in  the  fluorescence  mode  increase  the  sensitivity  of  local  structure  determina¬ 
tions  for  atomic  species  that  are  present  in  small  quantities  as  low  as  a  few  parts  per  million. 
EXAFS  measurements  in  the  electron  yield  mode  provide  surface  sensitivity  due  to  the  smaller 
escape  depth  of  electrons  relative  to  photons. 


chamber  filled  with  nitrogen  gas.  All  spectra 
presented  here  were  measured  at  room  temper¬ 
ature  (298°K), 


Results  and  Discussion 


The  normalized  x-ray  absorption  fine  struc¬ 
ture  data.  n(E),  are  extracted  from  the  experi¬ 
mentally  measured  x-ray  absorption  spectra 
according  to*^  *'^ 


Ho(E)-Hf,(E) 
u(E)  = - - - 


(1) 


where  E  is  the  x-ray  photon  energy,  is  the 
experimentally  measured  x-ray  absorption  with 
p„x  given  by  ln(Io/I)  for  transmission  data,  If/I„ 
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ic  absorption  where  E„  is  the  normaliza¬ 

tion  energy  and  is  taken  to  be  100  eV  above  the 
edge  energy. 

The  normalized  XANES  of  the  fluorescence 
Ee  and  Ni  K-edges  and  the  electron  yield  W  L3- 


Figure  1.  Normalized  XANES  data  of  the  Fe  K- 
edge. 


Figure  2.  Normalized  XANES  data  of  the  Ni  K- 
edge. 


edge  data  are  shown  in  Figures  1.  2.  and  3. 
respectively,  where  the  normalized  absorption 
coefficient  is  plotted  as  a  function  of  photoelec¬ 
tron  energy.  Data  of  the  Fe  and  Ni  K-edges  are 
plotted  on  the  same  .scale  with  the  jpper  spec¬ 
tra  shifted  vertically  for  clarity  of  pre.sentation. 
Examination  of  the  data  in  Figure  1  indicates 
that  the  XANES  for  Fe  in  the  control  alloys  is 
distinct  from  that  of  metallic  Fe  with  body-cen¬ 
tered  cubic  lattice  (BCC).  The  XANES  of  Fe  in 
the  control  samples,  in  fact,  is  similar  to  the 
XANES  of  metallic  Ni  with  face-centered  cubic 
(FCC)  lattice  (shown  in  Figure  2).  indicating  the 
formation  of  an  Fe-Ni  solid  solution  with  an 
FCC  lattice.  Inspection  of  the  Fe  K-edge 
XANES  of  control  and  corroded  alloys  reveals 
that  the  chemistry  and  structure  of  at  least  a 
fraction  of  Fe  in  both  of  the  corroded  alloys  dif¬ 
fer  significantly  from  those  of  Fe  in  the  control 
alloys.  Comparison  of  the  XANES  for  Fe  in  the 
corroded  alloys  with  that  of  Fe20;)  indicates 
that  a  large  fraction  of  Fe  in  the  corroded  alloys 
is  pre.sent  in  an  oxidized  form  of  Fe.  The  oxi¬ 
dation  state  of  the  oxidized  Fe  in  the  corroded 
.samples  of  both  alloys  is  +3  (i.e..  Fe"^"^"^).  From 
the  analysis  of  the  intensity  of  the  shoulder  at 
the  onset  of  the  edge,  the  fraction  of  Fe'^'^'^  is 
estimated  at  0.72  in  the  Si  alloy  and  0.47  in  the 
Kl  alloy  (Table  1). 

Table  1.  Summary  of  XANES  and  EXAFS 
Analysis 

Alloy  Oxidized  Fe  from  %  Oxidized  Ni  from 
Analysis  of  Analysis  of 

XANES  and  EXAFS  XANES  and  EXAFS 

Kl  47 _ 54  11 _ 14 

SI  72  68  18  17 


Figure  3.  Normalized  XANES  data  of  the  VV  L  ,- 
edge. 
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rli(^  Ni  K-tnlgo  XANKS  data  of  control  and 
( orrodod  samples  (Figure  2)  indicates  that  Ni 
in  the  corroded  samples  is  mainly  metallic 
with  only  a  small  fraction  of  Ni  in  an  oxidized 
<!ate.  From  the  analysis  of  the  intensity  of  the 
shoulder  at  the  onset  of  the  edge,  the  fraction  of 
oxidiztnl  Ni  is  estimated  at  0,18  in  the  Si  alloy 
and  0.11  in  the  Kl  alloy  (Table  1). 

rli(!  \V  L  ,-edge  XANES  data  of  control  and 
corroded  .samples  (Figure  3)  show  prominent 
white  lines,  with  the  white-line  intensity  for 
the  corroded  samples  of  both  alloys  being 
greater  than  that  of  the  control  .samples,  indi¬ 
cating  the  presence  of  oxidized  W.  Further¬ 
more.  the  intensity  of  the  VV  L,  edge  white  line 
for  the  Kl  alloy  is  significantly  greater  than 
that  of  the  Si  alloy,  indicating  that  the  fraction 
of  oxidized  VV  in  the  corroded  Kl  alloy  is  larger 
than  that  in  the  Si  alloy.  This  result  is  con¬ 
trary  to  the  fact  that  the  fraction  of  both  oxi¬ 
dized  I’e  and  Ni  is  greater  in  the  corroded  Si 
alloy  relative  to  that  of  the  corroded  Kl  alloy. 
Determination  of  the  percent  of  oxidized  VV 
was  not  made  due  to  lack  of  standards. 

Next  we  turn  our  attention  to  the  EXAFS 
portion  of  the  XAFS  region.  The  normalized 
EXAFS  data.  jffkA  are  given  by 


(2) 


where  k  is  the  photoelectron  wave  number 
given  by 

k=j2-^(E-EJ  .  (.3) 


with  /?  being  the  X-ray  photon  energy  and  E„ 
tlm  edge  energy.  The  function  \i,„(kj  repre.sents 
the  atomic  absorption  calculated  with 
McMaster  coefficients'"’  which  provides  the 
energy-dei)endent  normalization  and  k„  is  the 
photoelectron  wave  number  corresponding  to 
th(!  normalization  energy  E„. 

Figures  4  and  .5  show  a  comparison  of  the 
normalized  Fe  and  Ni  K-edge  EXAFS  data. 
re.s|)eclively.  of  control  and  corroded  .samples 
of  both  alloys.  The  xlk)  data  are  plotted  versus 
tlm  photoeleciron  wave  number  after  subtrac¬ 
tion  of  the  smooth  background  above  the  edge, 
riu!  fretpiency  and  amplitude  of  the  Fe  EXAFS 
oscillation  in  tin;  corroded  .samples  are  signifi¬ 
cantly  different  from  those  of  Fe  in  the  control 
samples  of  both  alloys,  indicating  that  the  local 
structure  of  at  least  a  fraction  of  Fe  in  the  cor¬ 
roded  samphis  is  significantly  altered  from  that 
in  the  control  .sam|)l(!.s.  The  frequency  and 
amplitude  of  the  Ni  o.scillations  in  the  corroded 
ami  control  samples  of  both  alloys  are  mainly 
similar,  with  only  small  variations  in  the  low  k 
region,  (ionseqmmtiy.  the  local  structure  of 


only  a  small  fraction  of  Ni  in  the  corroded  sam¬ 
ples  of  both  alloys  is  altered  from  that  of  Ni  in 
the  control  .samples. 

C'omparisons  of  Fourier  transforms  (i.e..  radi¬ 
al  structure  functions)  of  Fe  and  Ni  x(l^l  rfata  for 
control  and  corroded  Si  alloy  are  displayed  in 
Figure  6.  In  addition,  we  have  also  displayed 
in  Figure  6  the  E’ourier  transforms  data  for  bulk 
a-Fe20  ,  and  NiO  oxides.  Tbe.se  E’ourier  trans¬ 
forms  display  peaks  corresponding  to  coordina¬ 
tion  spheres  of  the  local  structure.  The  ampli¬ 
tudes  of  the  peaks  are  related  to  the  coordina¬ 
tion  number  and  disorder  in  the  material.  The 
E'ourier  transforms  are  not  phase  corrected, 
and,  hence,  the  peak  positions  are  shifted  to 
lower  distances  from  the  real  crystallographic 
dhstances.  The  E’ourier  transform  of  E’e  in  the 
corroded  alloy,  when  compared  with  the 
E'ourier  transform  of  Fe  in  the  control  alloy  and 
a-Fe^O;,.  demonstrates  (1)  significant  reduction 


Figure  4.  Normalized  EXAE’S  data.  x(li)-  of  the 
E’e  K-edge  for:  (a)  control  and  corroded  samples 
of  alloy  Kl:  (b)  control  and  corroded  .samples  of 
alloy  SI. 
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Figure  5.  Normalized  EXAFS  data.  x(k).  of  the 
Ni  K-edge  for:  (a)  control  and  corroded  samples 
of  alloy  Kl:  (b)  control  and  corroded  samples  of 
alloy  Si. 

in  the  amplitude  of  metallic  Fe  in  the  corroded 
alloy  relative  to  that  of  the  control  alloy.  (2)  the 
development  of  an  oxide  component  similar  to 
that  of  a-Fe203.  and  (3)  that  the  significantly 
reduced  amplitudes  of  higher  coordination 
spheres  of  the  oxide  component  in  the  corroded 
alloy  relative  to  those  in  a-Fe203  indicate  a 
highly  structurally  disordered  form  of  a-Fe203. 
Comparisons  of  Ni  data  for  the  corroded  alloy 
with  Ni  data  for  the  control  alloy  and  NiO 
demonstrate  (1)  a  small  reduction  in  the  ampli¬ 
tude  of  the  metallic  Ni  component,  and  (2)  the 
development  of  a  small  oxide  component. 

In  Figure  7,  the  Fourier  transforms  of  Fe  and 
Ni  of  the  corroded  Si  alloy  are  compared  with 
those  of  the  corroded  Kl  alloy.  Examination  of 
these  data  reveals  that  the  fractions  of  oxidized 
Fe  and  Ni  are  greater  in  the  SI  alloy  relative  to 
those  of  the  Kl  alloy.  Based  on  the  amplitudes 


Figure  6.  Fourier  transforms  comparisons:  (a)  of 
the  Fe  K-edge  x(k)  over  the  k-range  of  2.1-12.3 
A-1  for  control  and  corroded  alloy  Si.  and  a- 
Fe203:  (b)  of  the  Ni  K-edge  x(k)  over  the  k- 
range  of  2.1-13.0  A-1  for  control  and  corroded 
alloy  Si.  and  NiO. 

of  the  peaks  corresponding  to  oxidized  Fe  and 
metallic  Ni  in  the  Fourier  transform  data  of 
both  alloys,  it  is  estimated  that  the  fractions  of 
oxidized  Fe  are  0.68  and  0.54  for  Si  and  Kl 
alloys,  respectively.  The  fractions  of  oxidized 
Ni  are  0.14  and  O.i?.  These  results  compare 
favorablv  with  results  from  XANES  analvsis 
(Table  1). 

Analysis  of  VV  L3  EXAFS  data  and  their  cor¬ 
responding  Fourier  transforms  of  both  alloys 
(not  shown)  reveals  no  significant  changes  in 
the  chemistry  and  structure  of  \V  in  the  corrod¬ 
ed  alloys  from  those  of  the  control  alloys.  The 
fact  that  the  XANES  data  of  the  \V  L3-edge  indi¬ 
cate  that  some  oxidized  VV  is  present  in  the  cor¬ 
roded  alloys  is  caused  by  the  inherent  sensitivi¬ 
ty  of  the  white-line  intensity  to  small  quantities 
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Figure  7.  Fourier  transforms  comparisons:  (a)  of 
the  Fe  K-edge  xfk)  over  the  k-range  of  2.1-12.3 
A’’  for  corroded  Kl  and  Si  alloys;  (b)  of  the  Ni 
K-edge  x(k)  over  the  k-range  of  2.1-13.0  A''  for 
corroded  Kl  and  Si  alloys. 

of  oxidized  species.  Because  the  backscattering 
from  W  overwhelms  that  of  oxygen,  EXAFS  is 
less  sensitive  than  XANES  for  detecting  oxi¬ 
dized  W.  The  presence  of  oxidized  W  based  on 
the  analysis  of  XANES  data  is  consistent  with 
x-ray  photoelectron  spectroscopy  results 
obtained  in  our  laboratory. 


Conclusions 

Within  the  depth  analyzed  by  XAFS  spec¬ 
troscopy,  we  conclude  that  (1)  the  chemical 
and  structural  nature  of  corrosion  products  on 
both  alloys  is  similar  to  that  of  a  highly  struc¬ 
turally  disordered  form  of  a-Fe203,  (2)  the 
chemistry  and  structure  of  Ni  in  the  corroded 
alloys  remain  unchanged  from  those  in  the 
control  samples  except  for  a  small  fraction  (less 


than  20  percent),  which  is  present  in  an  oxi¬ 
dized  form,  and  (3)  W  is  the  alloy  component 
least  affected  by  the  corrosion  process. 
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Structures  and  Mechanical  Properties  of 
Centrifugally  Cast  SiC/AI  Composites 

A.  P.  Divecha,  S.  D.  Karmarkar,  M.  N.  Gungor,  and  A.  H.  Nakagawa 


Meta]  matrix  composites  (MMCs)  such  as  silicon  carbide/ 
aluminum  (SiC/Al)  are  in  the  forefront  of  advanced  materials  tech¬ 
nology,  with  potential  Navy  application  to  the  stable  member  in 
Trident  II  missiles,  mines,  torpedoes  and  their  transducers,  and 
shipboard  antennae.  Because  powder  metallurgy  MMC  fabrication 
techniques  are  expensive,  the  White  Oak  Detachment  has  devel¬ 
oped  an  inexpensive  MMC  fabrication  process  known  as  centrifu¬ 
gal  casting,  using  ingot  metallurgy  SiC/AI  with  superior  fluidity. 
With  samples  fabricated  by  this  method,  ive  have  characterized  the 
structures  and  mechanical  properties  of  SiC-A356  Al  particulate- 
reinforced  composites.  The  results  demonstrated  that  a  range  of 
mechanical  properties  can  be  obtained  as  a  function  of  microstruc¬ 
ture,  and  that  overall  the  strength  and  modulus  of  the  composite 
layers  were  superior  to  those  of  the  corresponding  unreinforced  Al 
layers. 


Introduction 

Compared  to  monolithic  aluminum  alloys,  particulate-reinforced,  alu¬ 
minum-based  composites  offer  a  10  to  25  percent  increase  in  strength  and  a  30 
to  80  percent  increase  in  stiffness.  Because  these  composites  are  stiffer  than 
their  monolithic  counterparts,  stiffness-limited  components  can  be  designed 
using  reduced  cross  sections  and  attendant  reductions  in  component  weights. 

Centrifugal  casting  offers  an  economical  means  of  processing  controlled 
composite  structures,  making  it  an  attractive  processing  route  for  the  produc¬ 
tion  of  particulate-reinforced  tubes.'  -^  Rotation  of  the  casting  during  solidifi¬ 
cation  causes  the  components  of  the  composite  melt  to  segregate,  and  subse¬ 
quently  to  solidify  into  well-defined,  layered  structures.  This  process  can  be 
controlled  to  drive  the  denser  particles  such  as  SiC  toward  the  outer  regions  of 
the  less  dense  Al  matrix  alloy.  In  this  way,  particulate  loading  can  be  in¬ 
creased  in  the  outer  layers  of  the  tube,  with  concomitant  increases  of  stiffness 
in  this  region.  In  addition,  the  centrifugally  cast  structures  solidify  in  relative¬ 
ly  short  times,  thereby  improving  production  rates.  Furthermore,  the  resultant 
structures  are  sounder  than  those  of  conventionally  cast  structures,  thus  pro¬ 
ducing  better  mechanical  properties.  Moreover,  lightweight  impurities  and 
porosity  can  be  driven  toward  the  inner  surface  of  the  casting,  where  they  can 
subsequently  be  machined  away.  Finally,  since  the  castings  do  not  have  large 
risers  (except  at  the  inner  surface,  which  effectively  acts  as  a  riser),  the  scrap 
rate  is  low  compared  to  other  foundry  methods.  This  provides  an  added  bene¬ 
fit  by  reducing  the  cost  of  raw  materials  for  the  already  low-cost  process. 

Centrifugal  casting  processing  of  metal  matrix  composites  was  therefore . 
investigated  as  a  cost-effective,  innovative  means  of  producing  high-integrity, 
high-stiffness  structural  tubes.  This  investigation  demonstrated  the  use  of 
centrifugal  casting  to  produce  controlled  structures  in  SiC-A356  Al  composites 
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on  a  laboratory  scale.  The  structure  and  room 
temperature  tension  and  compression  proper¬ 
ties  of  the  samples  produced  were  evaluated 
and  correlated. 


Experimental  Work 

Unreinforced  A356  A1  alloy  and  SiC  particle- 
reinforced  A356  A1  alloy  composites  were 
used.  The  unreinforced  Al  allov  ingots  were 
purchased  from  Belmont  Metal  Inc.,  Brooklyn. 
New  York:  the  composite  materials  were  pro¬ 
cured  from  the  Dural  Aluminum  Composites 
Corporation,  San  Diego,  California. 

Sample  Fabrication 

The  samples,  of  10  cm  outside  diameter 
(OD),  5  cm  inside  diameter  (ID),  and  13  cm 
long,  were  fabricated  using  a  horizontal  cen¬ 
trifugal  casting  machine  and  an  experimental 
test  matrix.  The  experimental  test  matrix  was  a 
statistical  design  of  experiments  to  study  cen¬ 
trifugal  casting  variables,  which  are  not  dis¬ 
cussed  in  this  article.  Melting  of  materials  was 
achieved  in  a  resistance-heated  furnace.  The 
melt  was  then  removed  from  the  furnace  and 
immediately  poured  into  a  rotating  mold  at  a 
designated  speed.  The  mold  was  rotated  until 
solidification  of  the  casting  was  complete.  The 
mold  was  then  arrested  and  the  casting  extract¬ 
ed  for  evaluation. 


Structure  Characterization 

The  macro-  and  microstructures  of  the  cast 
samples  were  evaluated  in  the  transverse  and 
longitudinal  directions  of  the  castings.  The 
macrostructures  were  revealed  by  grinding  the 
samples  with  SiC  particle-embedded  papers 
(up  to  600-grit  size  paper)  with  water  lubrica¬ 
tion  in  a  semiautomatic  polishing  machine. 
Continued  polishing  with  the  diamond  pastes 
(9,  6,  and  1  pm  diamond  pastes)  and  an  oil 
lubricant  and  etching  with  5  percent  hafnium 
solution  revealed  the  material  microstructures. 

Three  techniques  quantified  the  extent  of 
SiC  particle  segregation:  wet  chemical  analy¬ 
sis,  segregation  ratio  determination,  and  point- 
count  technique.  First,  sample  chips  were 
drilled  from  the  segregated  layers.  To  deter¬ 
mine  the  ratio  of  the  SiC  particulate  to  the  alloy 
in  the  sample,  the  material  chips  were  analyzed 
using  a  standard  wet-chemical  analysis  proce¬ 
dure  developed  at  the  Dural  Aluminum 
Composites  Corporation.  Second,  by  macro- 
.scopically  observing  the  segregated  layers  of 
the  casting,  we  measured  the  thicknesses  of  the 
SiC-depIeted  layer  and  the  SiC-enriched  layer. 


We  then  defined  a  dimensionless  "segregation 
ratio”  term  to  express  the  extent  of  the  SiC 
segregation  on  a  comparative  basis.  The  .segre¬ 
gation  ratio.  S,  an  arbitrary  definition,  is  given 
by 

S=  (1) 

where  R,^  is  the  measured  outer  radius  of  the 
metal-rich  layer,  and  R,.  is  the  outer  radius  of 
the  casting.  The  significance  of  this  term  is  that 
as  S  decreases,  the  severity  of  the  segregation 
increases.  Distribution  of  the  SiC  particles  was 
obtained  as  a  function  of  radial  distance  by 
using  a  quantitative  point-count  technique 
developed  by  Hilliard  and  Cahn."* 

Tension  and  Compression  Testing 

Flat  tensile  specimens  were  machined  from 
the  SiC-enriched  layers  of  the  cast  samples 
parallel  to  the  axial  direction  of  the  castings. 
Diamond  tooling  was  used  to  machine  the  com¬ 
posite  specimens.  After  machining,  the  speci¬ 
mens  were  heat  treated  to  either  the  T6 
condition  or  the  T61  condition.  Tension  and 
compression  tests  were  conducted  at  room  tem¬ 
perature  per  ASTM  D3552  and  ASTM  E9  in  a 
Satec  universal  testing  machine,  model  30WBN. 
The  tensile  strain  was  measured  with  a  25.4-mm 
gauge  length  extensometer.  Cylindrical  com¬ 
pression  specimens  of  6.4  mm  OD  and  19  mm 
long  were  machined  from  the  SiC-enriched 
layers  of  the  cast  samples  in  the  axial  direction. 
Compressive  0.2  percent  offset  yield  strength 
and  modulus  were  obtained  with  an  exten¬ 
someter  of  12.7-mm  gauge  length.  Due  to  the 
limitation  imposed  by  the  specimen  geometry, 
deformation  above  the  yield  point  was 
monitored  by  the  load  versus  crosshead 
displacement  output  of  the  testing  machine. 

The  tension  and  compression  test  speeds  were 
0.042  cm/s.  Two  tests  were  conducted  per 
material  condition. 


Results  and  Discussion 


Casting  Morphology 

Figure  1  shows  the  typical  cast  samples  of  10- 
volume-percent  SiC-A356  Al.  Although  each 
specimen  was  produced  with  the  different 
process  variables,  there  are  two  distinct  groups 
of  samples.  The  four  samples  on  the  left-hand 
side  of  the  picture  were  produced  with  a  ther¬ 
mally  conducting  mold  (graphite-coated  steel 
mold).  The  four  samples  on  the  right-hand  side 
were  produced  with  a  thermally  insulating 
mold  (alumina-coated  steel  mold). 
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Some  of  the  readily  observable  characteris-  to  support  this  mechanism  will  be  presented 

tics  of  the  samples  shown  are  that  those  pro-  following  the  materials  macrostructure  charac- 

duced  with  the  conducting  mold  have  metallic,  terization  section, 
smooth,  inhomogeneous  surfaces.  On  the  other 
hand,  the  samples  produced  with  the  insulating 
mold  have  rough,  homogeneous  surfaces.  Macrostructure 

The  thermally  conductive  mold  increases  the 

rate  of  heat  transfer  from  the  casting  to  the  The  transverse  macrostructures  of  the  sam- 

mold.  In  this  situation,  due  to  relatively  rapid  pies  are  shown  in  Figure  2  as  a  function  of  the 

heat  removal  from  the  castings,  the  surfaces  of  initial  composite  composition  and  the  mold 

the  castings  contained  traces  of  the  rapidly  thermal  properties.  Each  of  the  macrostruc- 

solidified  droplets  and  progressive  traces  of  the  tures  shows  two  layers;  a  segregated  composite 

molten  metal  flow.  Therefore,  the  castings  (SiC  particle-rich)  outer  layer,  and  a  metal 

were  produced  with  inhomogeneous  surfaces  inner  layer.  The  two  layers  were  separated  by  a 

because  of  enhanced  heat  transfer  from  the  well-deHned  interface.  The  thickness  of  the 

casting  to  the  mold.  segregated  layers  in  the  samples  produced  with 

In  the  case  of  the  insulating  mold,  however,  the  conducting  mold  are  greater  than  the  corre- 

the  reduced  heat  transfer  rate  from  the  casting  spending  samples  produced  with  the  insulating 

to  the  mold  allows  the  molten  metal  to  flow  mold,  i.e.,  more  complete  SiC  particle  segrega- 

freely  (i.e.,  without  premature  solidification)  tion  was  produced  in  the  latter  case, 

and  cover  the  mold's  inner  surface  completely  The  longitudinal  macrostructures  of  the 

before  solidifying.  Droplets  that  impinged  on  samples  produced  with  the  two  molds  showed 

the  mold  ahead  of  the  major  flow  of  the  liquid  that  the  thickness  of  the  segregated  layer  was 

either  did  not  solidify  on  contact  or  were  more  uniform  in  the  insulating  mold  than  in 

remelted  by  the  major  flow  of  the  molten  metal.  the  conducting  mold.  Typical  macrostructures 
Therefore,  the  insulating  mold  produced  homo-  of  the  two  cases  are  shown  in  Figure  3.  The 
geneous  surfaces  by  reducing  heat  transfer  rate  darkness  of  the  SiC  particle  segregated  layer  is 

from  the  casting  to  the  mold.  Further  evidence  proportional  to  the  SiC  concentration,  i.e.,  the 


Figure  1.  The  10-volume-percent  SiC/A356  A1  composite  cast  samples 
(OD  =  10  cm). 


Figure  2.  Macrostructures  of  the  transverse  sections  of  samples  pro¬ 
duced  with  the  conducting  mold  (above)  and  the  insulating  mold 
(below)  (OD  =  10  cm). 
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darker  the  layer,  the  higher  the  SiC  concentra¬ 
tion.  Figure  3  shows  that  the  sample  produced 
with  the  in.sulating  mold  has  uniform  contrast 
along  the  longitudinal  and  radial  directions, 
whereas  the  corresponding  conducting  mold 
shows  nonuniform  contrast  in  the  longitudinal 
and  radial  directions,  an  indication  that  the  SiC 
distribution  is  more  homogeneous  in  the 
former. 


Modeling 

A  physical  model  ba.sed  on  the  observations 
presented  thus  far  is  proposed  as  follows. 
Droplets  form  at  the  molten  metal  front  as  it 
enters  the  spinning  mold.  A  thermally  con¬ 
ducting  mold  does  not  retard  heat  transfer  from 
the  casting.  Due  to  rapid  heat  removal  through 
the  mold,  the  droplets  solidify  instantly  as  they 
impinge  on  the  mold  surface.  Then,  as  the 
molten  metal  front  covers  the  inner  surface  of 
the  mold  (i.e.,  as  it  flows  from  the  entrance  of 
the  mold  to  the  far  end),  it  solidifies  progre.s- 
sively  on  contact  with  the  mold  surface,  thus 
resulting  in  the  flow  traces  observed  on  the 
casting  surfaces  (Figure  1)  and  in  the  internal 
structures  (Figure  3).  Because  heat  is  removed 
from  the  progressive  layers  at  such  a  fast  rate,  it 
does  not  remelt  the  droplets,  and  the  droplets 
are  covered  by  the  progressively  solidified  lay¬ 
ers.  The  conducting  mold  thus  provides  an 
inhomogeneous  surface  and  internal  structure 
by  enhancing  heat  transfer  from  the  casting  at 


Figure  3.  Macrostructures  of  the  longitudinal 
cross  section  of  the  .samples  produced  using  the 
conducting  (above)  and  insulating  (below) 
molds  (length:  13  cm). 

the  mold/metal  interface,  causing  local  freezing 
before  the  entire  inner  surface  of  the  mold  has 
been  covered  by  molten  metal.  This  physical 
model  is  illu.strated  in  F'igure  4. 

The  insulating  mold  delays  transfer  of  heat 
from  the  castings  and  allows  the  molten  metal 
to  flow  freely  (i.e..  without  premature  solidifi¬ 
cation)  and  to  cover  the  mold's  inner  surface. 
Any  molten  droplets  that  solidify  ahead  of  the 
liquid  flow  are  remelted  as  they  are  covered  by 
the  molten  layer  filling  the  mold.  Once  the 
mold's  surface  is  covered  by  molten  metal. 
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Figure  4.  Physical  models  for  centrifugal  casting  and  solidification  proce.ss  as  a  function 
of  mold  thermal  properties. 
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SiC  Segregation 


the  solidification  proceeds  in  the  radial  diret:- 
tion.  The  insulating  mold  thus  provides  a 
homogeneous  surface  and  internal  structure  hy 
delaying  heat  transfer  from  the  casting  at  the 
mold/metal  interface  until  the  mold's  inner  sur¬ 
face  has  been  covered  by  the  molten  metal. 

The  physical  model  for  this  case  is  also  illus¬ 
trated  in  Figure  4. 


Microstructures 

Typical  optical  microstructures  of  the  cen¬ 
trifugal  castings  are  presented  in  Figures  5  and 
6  for  the  conducting  and  insulating  molds, 
respectively.  In  each  figure,  the  transverse 
micrographs  are  shown  as  a  function  of  radial 
distance.  As  expected,  the  SiC  particles  were 
distributed  inhomogeneously  in  the  microstruc¬ 
tures  in  F’igure  5.  and  more  homogeneously  in 
the  microstructures  in  Figure  6.  In  both  ca.ses. 
the  microstructure  of  the  inner  metal  layer  is 
predominately  equiaxed  dendrites.  Typical  Al- 
Si  eutectic  phase  was  located  within  the  den¬ 
dritic  spaces.  In  the  SiC-segregated  regions  the 
dendritic  morphology  is  less  obvious,  particu¬ 
larly  for  the  case  of  the  insulating  mold.  More 
microporosity  is  observed  to  be  associated  with 
the  SiC  particles  in  the  insulating  mold. 


Chemical  Analysis.  The  results  of  the  w€4- 
chemical  analysis  are  given  in  Table  1.  The 
outer-layer  SIC  composition  is  plotted  in  Figure 
7a.  which  shows  two  groups  of  data:  those  pro¬ 
duced  with  the  conducting  mold  :ind  those  pro¬ 
duced  with  the  insulating  mold. 

As  listed  in  Table  1 .  the  average  SiC  compo¬ 
sition  of  the  former  samples  was  11.9  volume 
percent,  while  that  of  the  latter  samples  was 
24.8  volume  percent.  Considering  that  the  ini¬ 
tial  composition  contained  an  average  of  10- 


Table  1.  SiC  Volume  Percent  Measured  by  Wet- 
Chemical  Analysis  -  Initial  Composition; 
10-Voiume-Percent  SiC 


Specime 
n  No. 

Mold  Type 

SiC  Vol% 
Outer 
Layer 

SiC  Vol% 
Inner 
Layer 

10 

(Conducting 

12.1 

1.2 

12 

(Conducting 

11.2 

1.2 

7 

(Conducting 

12.4 

1.3 

Av«(rago 

(Conducting 

11.9  ±0.6 

1.2  ±0.6 

14 

Insulating 

23.9 

0.3 

18 

Insulating 

25.8 

0.3 

Average 

Insulating 

24.8  ±  1.3 

0.3  ±  0 

Figure  5.  Microstructure  of  the  sample  pro¬ 
duced  using  the  10-volume-percent  SiC/A.l.'iO 
Al  in  the  conducting  mold. 


Figure  6.  Microstructure  of  the  sample  pro¬ 
duced  using  the  10-volume-percent  SiC/A.3,'>6 
Al  in  the  insulating  mold. 
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Figure  7.  SiC  segregation  by  wet-ehemical  analysis  (a)  and  by  segregation  ratio  measurement  (b). 


volume-percent  SiC.  the  centrifugal  casting 
process  increased  the  SiC  composition  by  fac¬ 
tors  of  approximately  1.2  and  2.5.  respectively. 

Segregation  Ratio.  The  segregation  ratio 
measurements  are  given  in  Table  2.  and  the 
data  are  plotted  in  Figure  7b  for  the  10-volume- 
percent  SiC  initial  composition.  In  an 
analogous  manner  to  the  previous  chemical 
analysis  results,  the  .segregation  ratio  depended 
strongly  on  the  mold  type.  The  average  .segre¬ 
gation  ratios  of  the  samples  produced  with  the 
10-volume-percent  SiC  initial  compositions 
were  0.52  and  0.25  for  the  conducting  mold 
and  insulating  mold,  respectively. 

SiCi  Distribution.  The  results  of  the  point- 
count  experiments  are  .shown  in  Figure  8  for 
two  samples  that  were  produced  using  the 
10-volume-percent  SiC  initial  composition, 
and  the  conducting  and  insulating  molds.  The 
volume-percent  SiC  data  are  plotted  against 
radial  distance.  The  average  composition  of  the 
segregated  regions  was  25.6  volume  percent 
and  11.2  volume  percent  SiC,  respectively. 


Figure  8.  SiC  volume-percent  distribution  as  a 
function  of  radial  distance  for  two  samples  pro¬ 
duced  with  the  conducting  and  insulating 
molds. 


Table  2.  Segregation  Ratio  Measurements  - 
Initial  Composition:  10-Volume-Percent  SiC 


Factorial 

Experiment 

No. 

Specimen 

No. 

Segregation 

Ratio 

Mold  type  i.(R^/R^)2 

1 

10 

C  0.,54 

2 

14 

1  0.29 

.1 

12 

C  0..5.5 

4 

18 

I  0.24 

5 

2,1 

C  0.51 

6 

18 

1  0.24 

7 

7 

C  0.47 

8 

22 

1  0.28 

Avt^raj’t*  ratio  ol  ‘  all  (!”  =  I). 52  i  (1.(15 

Av«*ragt*  sttjirt'^alion  ratio  ol  "all  I"  =  (1.25  1  (1.02 
(!  =  (lontiiii  tin^  Molt!  I  -  Instilatin^  Molt! 


The.se  data  agree  with  the  results  of  the  wet- 
chemical  analysis. 


Tension  and  Compression  Testing 

The  data  for  the  tension  and  compression 
tests  are  given  in  Tables  .1  and  4.  for  the  A.1.56 
Al.  10-volume-percent  Si(i/A356  Al.  and  20- 
volume-percent  SiC/A,156  Al  samples.  An 
analysis  of  the  data  as  a  function  of  the  material 
microstructure  is  given  as  follows: 

The  only  effect  of  the  thermal  properties  of 
the  molds  on  the  tensile  and  compressive  prop¬ 
erties  of  the  unreinforced  A,1.56  Al  was  that  the 
tensile  ductility  was  higher  by  a  factor  of  two  in 
the  ca.se  of  the  insulating  mold.  However,  in 
the  case  of  the  10-volume-percent  .Si(’  initial  47 

composition,  the  composite  samples  produced 
with  the  insulating  mold  showed  higher  tensile 
yield  strengths  and  compressive  .strengths,  as 
shown  in  Figure  9.  The  average  tensile  yield 
.strength  values  were  of  215114  MPa 
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Table  3.  Tensile  Properties  of  A356  A1  and  SiC/A356  A1  Composites 


Specimen 

No. 

Composition 
(Vol%  SiC) 

Material 

Condition 

'  0.2%  Offset 

1  Yield 

Strength 
i  (MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

- r 

Tensile  1 
Elongation 

!  (%)  { 

Tensile 

Modulus 

(GPa) 

6 

0 

C/T6 

174  ±0 

255  +  1 1 

5.3  1  1.7 

70 

6 

0 

C/Hip+T6 

168  ±6 

28010 

13.3  1  1.8 

73 

17 

0 

I/T6 

1.51  ±  12 

259  1  7 

10.61  1.1 

64 

17 

0 

l/Hip+T6 

162  +  3 

2761  2 

16.5  1  2.1 

801  18 

10 

10 

C/T6 

221  ±  20 

24214 

0.6  10.1 

94  1  7 

10 

10 

C/Hip+T6 

248  ±0 

25610 

0.7  10.4 

94  1  1 

10 

10 

C/Hip±T61 

182  ±4 

252  1  48 

2.2  1  2.0 

102  1  14 

14 

10 

I/T6 

241  ±  5 

255  1  10 

0.610.1 

91  ±  15 

14 

10 

I/Hip+T6 

274  ±9 

313  1  17 

0.7  10.4 

102  1  23 

14 

10 

l/Hip+T61 

208  ±  2 

246  1  43 

0.8  1  0.3 

981  13 

23 

10 

C/T6 

212±8 

285  1  4 

3.2  10.2 

89  11 

23 

10 

C/Hip+T6 

219  ±6 

289  1  20 

2.4  1  1.4 

100  1  25 

23 

10 

C/Hip+T61 

169  1 

244  1  20 

2.711.9 

‘■,4  1  5 

16 

10 

I/T6 

255  ±  16 

293  1  2 

0.8  1  0.3 

109113 

16 

10 

l/Hip+T6 

268  ±  20 

332  1  16 

1.2  10.0 

122  1  5 

16 

10 

l/Hip+T61 

209  ±  16 

255  1  20 

1.110.8 

104  18 

24 

20 

C/T6 

279+12 

326  1  6 

0.9  1  0.0 

116  1  30 

26 

20 

I/T6 

304  ±  26 

330  1  43 

0.610.1 

1291  37 

27 

20 

I/T6 

310117 

3531  14 

0.710.0 

1441  12 

29 

20 

I/T6 

277  ±  3 

31614 

0.8  1  0.0 

121  15 

MU’: 

Tfi: 

rnt: 

C: 

I: 


.  f<ir  4  htiurs  iiiulcr  100  Mf*}i  Argdii  prussim* 

1  IrtMlmont  fit  5:i7  ('  in  <iir  for  4  hours,  quonch  in  watorat  05  asoat  155  ('  for  4  hours 
To  Init  ago  at  25  X' 


At  500  ( 

Solution 
Same  as 
['onducting  mold 
Insulating  mold 


(MegaPascal)  and  254±15  MPa,  respectively. 
Thus,  there  was  an  approximately  17  percent 
increase  in  tensile  yield  strength  for  the  insu¬ 
lating  mold  over  the  conducting  mold.  Simi¬ 
larly,  the  compressive  yield  strengths  of  the  10- 
volume-percent  SIC  composition  averaged 
about  226±10  MPa  and  257123  MPa  for  the 
conducting  and  insulating  molds,  respectively. 

The  effects  of  the  composition  on  the  tensile 
and  compressive  strengths  are  presented  in 
Figure  10.  The  mean  effect  of  composition  on 
the  tensile  yield  strength  was  determined  by 
averaging  the  data  points  that  fell  into  each 
individual  composition  group:  0-volume- 
percent  SiC,  10-volume-percent  SiC,  and  20- 
volume-percent  SiC.  As  the  lines  drawn  in 
Figure  10  clearly  show,  the  average  tensile 
yield  strength  increa.sed  as  the  composition 
increa.sed.  The  average  yield  strengths  were 
164110  MPa.  242124  MPa.  and  292118  MPa  for 
the  0-volume-percent  SiC,  10-volume-percent 
SiC,  and  20-volume-percent  SiC  compositions, 
respectively.  As  in  the  ca.se  of  the  tensile 


respon.se.  the  compressive  strength  increased  as 
the  composition  increa.sed.  As  given  in 
Tables  3  and  4,  the  tensile  and  compression 
moduli  increa.sed  as  the  SiC  composition  in¬ 
crea.sed.  For  example,  the  average  tensile  mod¬ 
uli  calculated  were  71.6111  GPa  (GigaPascal), 
101.2113.1  GPa  and  127.5120  GPa.  for  the  0- 
volume-percent  SiC.  10-volume-percent  SiC. 
and  20-volume-percent  SiC.  respectively.  In  all 
ca.se.s.  the  tensile  elongation  of  the  composites 
was  on  the  order  of  1  percent  or  less  (Table  3). 
Note  that  the  scatter  in  the  data  for  the  0- 
volume-percent  SiC  composition  was  minimal, 
while  the  scatter  in  the  data  for  the  10-volume- 
percent  SiC  and  20-volume-percent  SiC  com¬ 
positions  was  much  greater.  This  clearly 
indicates  that  the  composite  materials  are  much 
more  .sensitive  to  process  variables  than  the 
unreinforced  A356  Al. 

The  tensile  properties  and  the  compressive 
properties  of  the  10- volume-percent  SiC  initial 
composition  were  affected  by  the  heat  treat¬ 
ments.  In  general,  the  yield  strengths  were 
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Table  4.  Compnvssivo  I’roportios  of  A:J3(>  Al  iiiid  SiC/AiJof)  A1  Composilos 


Specimen 

No. 

Composition 
(VoI%  SiC) 

Material 

Condition 

0.2%  Offset 
Yield 
Strength 
(MPa) 

Compressive 
Strength 
at  10% 
Deformation 
(MPa) 

Compressive 
Strength 
at  20% 
Deformation 
(MPa) 

Compressive 

Modulus 

(GPa) 

ti 

0 

t;/!o 

170  ±  12 

350 

45(i 

78 

(i 

0 

C/Hip+To 

100  ±  3 

353  ±  4 

453  ±  7 

70 

17 

0 

I /TO 

172  ±  3 

334  ±  8 

434  ^  1  1 

17 

0 

l/Hi|)+T0 

IKI  ±  3 

353  ±  8 

400  ^  1  1 

71  l;  2 

10 

10 

C/TO 

220  +  10 

400  ±  31 

480  ±  10 

00 

10 

10 

C/Hip+TO 

230  ±  2 

480  ±  2 

535  ±  3 

103  ±  14 

10 

10 

C/Hi])±T0l 

IHH  ±  0 

420  ±  20 

541 

108  ±  10 

14 

10 

I /TO 

238  +  2 

450  ±  2 

525  ±  5 

1 17  ±  2 

14 

10 

l/Mip+TO 

288  ±  0 

520  ±  4 

578  ±  0 

111+4 

14 

10 

I/Hip+TOl 

210  ±8 

404  ±  2 

580  ±  2 

07 

23 

10 

C/TO 

233  ±  5 

430  ±  8 

5 1 3  2  3 

00  +  3 

23 

10 

C/Hip+TO 

248  ±  0 

400  ±  0 

533  +  14 

07  ±  13 

23 

10 

C/Mip+TOl 

175  ±  12 

400  ±  20 

487  ±  48 

101  ±  17 

10 

10 

I/TO 

277  +  4 

515  ±  10 

553  ±  0 

1 12  t  20 

10 

10 

I/I  li|)+T0 

282  ±  2 

530  ±  2 

587  ±  5 

1112  11 

10 

10 

I/TOl 

201  ±  10 

402  ±  18 

532  +  18 

117  2  7 

10 

10 

I/Hip+TOl 

223  ±  4 

400  ±  1 

57  Ig:!! 

108  il5 

24 

20 

C/TO 

208  +  1 

544  ±  2 

— 

13.  ‘  21 

20 

20 

i/ro 

343  ±  5 

01  1  ±  10 

035 

132  +.  1 

27 

20 

I/TO 

324  t  17 

018  ±  2 

018  ±  2 

140  +  33 

20 

20 

I/TO 

207  ±  5 

540  ±  12 

571 

1  10  1  12 

SmngdiM  10%  DefofmMMB 


10«iol%SiC/A3S6AI-'re 
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Figure  10.  The  effect  of  the  composition  on  ten¬ 
sile  and  compression  properties. 

greater  after  the  Tti  treatment  titan  after  the  T61 
treatment.  This  result  can  be  rationalized  on 
the  basis  of  matrix  strengthening,  i.e.,  the  T6 
treatment  increases  the  strength  of  the  matrix 
by  the  precipitation  hardening. 

In  general  terms,  hot  isostatic  processing 
(HIP)  improved  the  tensile  and  compressive 
strengths  of  all  the  materials.  Its  effect  on  the 
tensile  and  compre.ssive  moduli  was.  however, 
insignificant.  HIP  improved  the  tensile  ductili¬ 
ty  of  the  unreinforced  A356  by  .“iO  to  lOU  per¬ 
cent  (Table  .1).  though  its  effect  on  the  tensile 
ductility  of  the  composite  materials  was  again 
insignificant.  The  increase  in  compressive 
strength,  particularly  for  the  composite  speci¬ 
mens.  can  be  attributed  to  a  reduction  in  micro- 
porosity  due  to  HIP.  Absolute  increases  in 
properties  were  not  very  high  due  to  the  fact 
that  the  starting  porosity  levels  were  generally 
quite  low  (one  percent  or  less). 

All  the  composite  tensile  failures  were  typi¬ 
cal  of  brittle  failures,  where  the  fracture  gener¬ 
ally  occurred  perpendicular  to  the  testing  direc¬ 
tion.  Unlike  the  unreinforced  A^.'ifi  AI.  which 
failed  in  a  very  ductile  manner,  the  composite 
materials'  failures  show  no  evidence  of  gro.ss 
plasticity.  Pla.stic  deformation  of  the  matrix 
did  oc.cur  locally  and  could  be  observed  on 
the  fracture  surfaces  (Figure  11).  The  fracture 
surfaces  of  the  composite  materials  also  show 


extensive  particle  fractures.  e\’idenc;ed  by  a 
strong  SiC/Al  interface.  This  in  turn  is  consis¬ 
tent  with  the  high  tensile  modulus  data. 

Almost  all  specimens  were  free  from  the  macro¬ 
scopic  defects  (particle  clusters,  intermetallics. 
and  the  like)  that  are  often  observed  in  con\’en- 
tionally  cast  composites.  The  cleanliness  of 
the  fracture  surfaces  can  be  directly  attributed 
to  the  well  controlled  microstructures  pro¬ 
duced  by  the  centrifugal  casting  process.  In 


Ai 
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Figure  11.  Scanning  electron  microscopy 
micrographs  of  tensile  fracture  surfaces. 
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compnission.  tlio  composito  spuciinons  faiUnl 
in  a  mamuir  typic:al  of  a  hrittlo  matorial.  That  is 
to  say.  Iho  composito  materials  failed  due  to 
(;rac:ks  that  propagated  in  the  directions  of  the 
maximum  shear  stres.ses  in  the  specimen 
(approximately  at  a  4.5°  angle  to  the  axis  of  tlie 
specimens). 


Summary 

In  summary,  the  mechanic:al  properties  of 
the  centrifugally  cast  specimens  were  evaluaterl 
as  a  function  of  materials  structures  and  pro¬ 
cessing.  The  results  show  that  a  range  of  prop¬ 
erties  can  be  attained  by  adjusting  the  struc¬ 
tures  through  processing.  Centrifugal  casting  is 
therefore  a  valuable  means  of  engineering  the 
desired  structures  and  mechanical  properties  of 
metal-matrix  composites.  Overall  results 
showed  that  the  composite  materials  provided 
superior  .strength  and  modulus  relative  to  the 
uureinforced  aluminum,  in  both  tension  and 
compression  loadings. 
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Processing  of  Tantalum  to  Achieve 
Optimum  Metallurgy 

J.  B.  Clark  and  R.  K.  Garrett,  fr 


Tantalum,  a  high-density,  high-melting-point  metal,  has  numer¬ 
ous  commercial  applications  including  corrosion-resistant  equip¬ 
ment  for  the  chemical  industry,  heat  shields  for  high-temperature 
furnaces,  lamp  filaments,  and  foil  for  capacitors.  Potential  com¬ 
mercial  and  military  applications  include  liners  for  explosively 
formed  projectiles  and  shaped-charge  warheads.  High  ductility 
and  formability  are  essential  attributes  for  these  applications.  This 
article  deals  with  the  role  of  processing  in  controlling  the  preferred 
orientation  of  grains,  or  “recrystallization  texture,”  to  achieve  opti¬ 
mum  material  performance.  Orientation  distribution  function 
(ODF)  analysis  is  used  to  characterize  the  influence  of  processing 
parameters  on  texture  development  in  tantalum.  The  goal  of  this 
effort  was  to  understand  which  parameters  are  critical  in  develop¬ 
ing  strong  crystallographic  textures  while  minimizing  those  tex¬ 
tures  that  degrade  formability.  ODF  analysis  showed  that  process¬ 
ing  variables  strongly  influenced  the  final  recrystallized  texture. 
From  this  research,  a  processing  schedule  was  developed  which 
produces  tantalum  with  strong  crystallographic  orientations  that 
enhance  the  deep-drawing  process. 


Introduction 

Tantalum  (Ta)  is  a  high-density,  high-melting-point  metal  with  a  body- 
centered  cubic  (bcc)  crystal  structure.  With  its  high  ductility,  tantalum  is 
normally  processed  into  corrosion-resistant  equipment  for  the  chemical 
industry,  heat  shields  for  high-temperature  furnaces,  and  foil  for  capacitor 
applications.  It  can  be  processed  at  room  temperature  into  plates,  rods,  sheets, 
and  thin  foil.  For  these  commercial  applications,  it  has  not  been  necessary  to 
use  the  ODF  analysis  to  determine  preferred  orientation  of  grains  or  “recrystal¬ 
lization  texture,”  since  formability  has  not  been  critical.  Tantalum  also  has 
potential  applications  in  military  weapon  systems.  For  example,  high-density 
metals  enhance  the  penetration  performance  of  explosively  formed  projectiles 
(EFP)  and  shaped-charge  warheads.  Microstructure  and  crystallographic 
texture  have  a  significant  effect  on  performance  of  the  liners  of  these  weapons. 
Many  researchers  have  investigated  texture  development  for  formability 
improvements  in  deep-drawing  steel,  but  little  work  has  been  published  on 
texture  development  in  the  case  of  refractory  metals,  especially  tantalum. 

Early  work  by  Lankford  et  al.^  on  steels  has  shown  that  texture  and  micro¬ 
structure  strongly  influence  the  ability  of  a  metal  to  be  deep  drawn.  In  low- 
carbon,  deep-drawing  steels,  researchers  have  shown  that  a  fine  grain  size  and 
a  certain  crystallographic  texture  significantly  improves  formability.^  Since 
tantalum  has  the  same  bcc  crystal  structure  as  low-carbon  steel,  the  plastic 
deformation  and  texture  development  on  recrystallization  should  be  similar. 
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Deformation  and  Recrystallization  Textures 

When  a  polycrvstalline  metal  is  plastically  deformed,  the  lattice  orientation  in  individual 
grains  is  altered  toward  a  preferred  orientation  in  which  certain  lattice  directions  are  aligned 
with  the  principal  directions  of  flow  in  the  metal.  The  progress  of  reorientation  is  gradual:  it  is 
usually  noticed  by  x-ray  analysis  only  after  the  cross  section  of  the  metal  has  been  reduced  by  a 
third  or  a  half,  but  the  process  is  not  completed  until  the  metal  has  n^ceived  reductions  of  90 
percent  or  more.  The  nature  of  the  preferred  orientation,  or  "deformation  texture."  that  is  finally 
reached  and  the  manner  in  which  it  is  reached  are  characteristic  of  the  metal  and  of  the  nature 
of  the  flow  (the  magnitude  of  the  three  principal  strains). 

Much  attention  has  been  given  to  the  subject  because  of  its  relation  to  the  properties  of  com¬ 
mercial  products.  A  fine-grained  metal  in  which  the  grains  are  oriented  al  random  will  possess 
identical  properties  in  all  directions  (provided  that  there  are  no  elongated  inclusions,  segrega¬ 
tions,  or  boundaries],  but  a  metal  with  a  preferred  orientation  of  grains  will  have  directional 
properties,  “anisotropy,”  which  may  be  troublesome,  as  for  example,  in  the  deep  drawing  of 
sheet  material.  Urientations  that  are  generated  by  the  forming  process  are  not  as  a  rule  returned 
to  a  random  state  by  recovery,  recrystallization  and  grain  growth  in  subsequent  annealing,  but 
are  altered  to  new  orientations  in  the  final  annealing  textures.  This  final  annealing  texture  is 
called  the  “recrystallization  texture."  It  is  usually  neces.sary  to  maintain  careful  control  of  both 
rolling  and  annealing  operations  in  order  to  produce  a  .sheet  that  flows  uniformly  in  all  direc¬ 
tions  during  subsequent  deep  drawing.  Preferred  orientations  are  also  of  prime  importance  in 
the  manufacture  of  metals  used  in  commercial  and  military  applications. 


Adapted  from  Slnictarc  of  Metals.  Metalliirf^y  and  Metallurgical  Engineerinf’  Series,  by  t:harles  .S.  Barrett.  2nd  Ed.. 
MctJraw  Hill. 


More  ntcttntly.  Emren  et  al.  and  Von 
.Schlippenbach  et  al.-- '  used  ODF  analysis  to 
show  that  a  correlation  could  be  drawn  between 
th(!  |)resenc(!  of  certain  crystallographic  textures 
and  the  ability  of  comnittrcial  steels  to  1k)  deep 
drawn.  In  general,  the  |111|<11()>  and 
1 1 1 1 1<1 12>  typ(!  textunts  improve  deep-drawing 
properties,  while  the  |10()l<uvw>  type  tctxtures 
(ittgradt!  the  dttep-drawing  propertitts.  Thtt 
resttarchers  showed  that  poltt  figure  analysis 
alone  could  not  difhtrentiate  betwettn  th»?  com- 
mttrcial  sttutls  with  poor  {le(!|)-drawing  propertitts 
and  those  with  btdtttr  de»!|)-drawing  properties. 

The  ODF  analysis  is  a  powerful  method 
developed  to  display  the  density  of  all  the  p«)s- 
sible  crystallographic  orientations.  ’  In  the  ODF 
analysis,  all  the  possible  (.rystallographic  orien¬ 
tations  are  dis|)lay(ul  using  a  cube,  as  shown  in 
Figures  1  and  2.  To  understand  the  ODF.  one 
locates  the  crystallographic  plaiK!  using  Figure 
2A  (valid  for  all  PHI  1  .sections  where  PHI.  PHI 
1.  and  PHI  2  are  the  three  Filler  angles)  and 
then  locales  the  possible  crystallographic  direc¬ 
tions  using  a  PHI  1  section  similar  to  those 
shown  in  Figures  2B  or  2C..  The  possible  crys¬ 
tallographic  directions  vary  lor  each  of  the  PHI 
1  .sections,  as  indicated  in  Figures  2B  and  2(.'.. 
The  ODFs  in  this  paper  show  10  horizontal 
slices  through  the  ODF  cube  for  PHI  1  from  0  to 
90  degrees.  Fach  slice  is  a  plot  of  the  x-ray  den¬ 
sity  (contours)  versus  possible  crystallographic 
orientations.  Normally,  cold-rolled  hcc  metals 
have  the  following  ideal  texture  components 


pre.sent:  |001|<110>.  |112|<110>.  |1111<110>. 
and  |111|<112>.  These  crystallographic  orien¬ 
tations  appear  along  two  skeletal  lines — the 
alpha  fiber  and  the  gamma  fiber — as  shown  in 
Figure  1  of  the  ODF.  In  general,  when  hcc  met¬ 
als  are  annealed,  the  intensity  of  the 
|lll|<n0>  and  |111)<112>  texture  compo¬ 
nents  increases  while  the  intensity  of  the  other 
texture  com|)onenls  decreases. 
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Figure  1.  Repre.sentalion  of  alpha  and  gamma 
libers  in  the  orientation  dislribution  function. 
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Figure  2.  lA)(.a(i()n  of  (Ik?  crvslallogniphii:  plaiio.s  and  directions  in 
(lit!  01)1*'.  (A)  l.ocations  ot  (ho  crys(allograpliic  pianos,  (li)  locations 
ol  th(!  crystallographic  directions  for  PHI  1=0  dogroo,  and  (d)  loca¬ 
tions  of  iho  crystallographic  directions  for  PHI  !=;)()  dogroos. 


A  low  ri!Soarchors  havo  inv(?sligalod  Iho  lox- 
tnro  dovolopmont  in  cominorcially  procossod 
lantahnn.  C.  Pokross  shovvod  that  it  was  possi- 
hlo  to  obtain  a  lino  grain  si/o  and  a  strong 
II I  ll<uvw>  typo  t(!xturo  in  cominorcially 
procossod  high  purity  lantahim.'’  I  ho  authors 
havo  invosligatod  Iho  toxinro  gradionts  that 


dovolop  in  cominorcially  procossod  tantalum 
plalos.'  Sovoro  loxturo  gradiimis  havo  boon  doc- 
umontod  in  somo  of  tho.so  cominorcially 
procossod  lantahim  platos.  Tho  goal  of  tho  cur¬ 
rent  work  is  to  furlhor  charactori/.o  Iho  influonco 
of  proco.ssing  variahlos.  including  tho  ingot 
breakdown  procoss,  rolling  direction,  and 
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Notations  for  Faces  of  a  Crystal  and 
Directions 

It  is  necessary  to  have  a  system  of  nota¬ 
tion  for  the  faces  of  a  crystal,  and  for  planes 
within  a  crystal  or  a  space  lattice,  that  will 
specify  orientation  without  giving  position 
in  space.  Miller  indices  are  universally 
used  for  this  purpose.  These  indices  are 
based  on  the  reciprocals  of  the  intercepts  of 
a  plane  with  the  three  crystallographic  axes 
(three  edges  of  a  unit  cell).  The  intercepts 
are  measured  in  terms  of  the  dimensions  of 
the  unit  cell,  which  are  unit  distances  along 
the  three  axes.  Thus,  the  plane  cutting  the 
axes  in  this  hgure  has  intercepts  of  1,1,1  and 
therefore  Miller  indices  (1/1, 1/1, 1/1)  or  just 
(111).  The  drawing  shows  some  of  the  most 
important  planes  in  relation  to  the  unit  cell, 
but  it  should  be  remembered  that  planes 
parallel  to  the  crosshatched  ones  have  the  same  indices. 

Parentheses,  (h,k,l),  around  the  Milter  indices  signify  a  single  plane  or  set  of  parallel  planes. 
Curly  braces  signify  planes  of  a  form — those  which  are  equivalent  in  tlm  crystal.  For  a  cubic 
crystal:  (lOOl  represents  the  (100)  and  (010)  and  (001)  and  (100)  and  (010)  and  (001)  planes, 
where  the  bar  above  a  number  indicates  a  negative  index. 

The  indices  of  direction  are  derived  as  follows.  Consider  a  point  at  the  origin  of  the  coordi¬ 
nates  which  must  be  moved  in  a  given  direction  by  means  of  motion  parallel  to  the  three  crystal 
axes.  Suppose  the  desired  motion  can  be  accomplished  by  going  along  the  x-axis  a  distance  u 
times  the  unit  distance  a,  along  the  y  axis  a  distance  v  times  the  unit  distance  b,  and  along  the  z 
axis  a  distance  w  times  the  unit  distance  c.  In  cubic  crystals  such  as  tantalum,  all  of  the  unit 
distances,  a,  b,  and  c  are  equal.  If  u,v,w  are  the  smallest  integers  that  will  accomplish  the 
desired  motion,  they  are  the  indices  of  the  direction  and  are  written  with  square  brackets,  [uvw]. 
A  full  set  of  equivalent  directions  (direction  of  a  form)  are  indicated  by  carets,  <uvw>. 


Adapted  from  Elements  of  X-ray  Diffraction,  2nd  Edition,  by  B.D.  Cullity.  Addison-Wesley  Publishing  Co. 
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Figure  3.  .St;hematit:  view  of  the  four-ingot 
breakdown  processes. 
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annealing  conditions  on  the  development  of 
crystallographic  texture  in  high-purity  tantalum. 


Material  Processing  Procedure 

Initial  Ingot  Breakdown 

Tantalum  for  this  effort  came  from  three  250- 
mm-long  by  76-mm-diameter  vacuum  arc 
remelled  (VAR)  tantalum  ingots,  produced  by 
Cabot  Corporation.  As-cast  macrostructures 
were  characterized  by  analyzing  25-mm-thick 
sections  cut  from  each  of  the  VAR  ingots.  Four 
different  ingot  breakdown  processes  produced 
the  32-mm-thick  rolling  bars,  as  shown  in 
Figure  3.  Two  ingots  were  processed  using 
steps  that  simulate  current  commercial  prac¬ 
tices.  Process  #1  included  the  side  forging  of 
the  ingot  into  a  rolling  bar.  which  is  similar  to 
the  commercial  process  employed  at  Cabot 
Corporation.  In  process  #2,  the  ingot  was  upset 
forged  50  percent  and  then  side  torged  into  a 
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rolling  bar.  Frocoss  #2  is  similar  to  the 
Fansteel  process  described  by  C.  Pokross.*’ 

The  third  ingot  was  sectioned  into  halves, 
each  approximately  114  mm  long,  and 
processed  using  two  novel  techniques.  In 
process  #3.  the  half  ingot  was  upset  forged  into 
a  disk  32  mm  thick  and  trimmed  into  a  square 
for  ease  of  rolling.  Process  #4  involved  extrud¬ 
ing  the  remaining  half  of  the  ingot  parallel  to 
the  original  ingot  center  line. 

For  processes  #1.  #2.  and  #3.  forging  of  the 
VAR  ingots  occurred  at  temperatures  less  than 
773"K.  A  temperature  greater  than  773°K  had  to 
he  used  in  process  #4.  After  the  initial  ingot 
breakdown,  all  four  of  the  rolling  bars  had  an 
annealing  treatment  at  1223  'K  for  3600  seconds. 


Rolling  Schedules  and  Annealing 
Temperatures 

For  part  1  of  this  work,  all  the  plates  had 
been  processed  in  a  similar  manner,  which 
included  unidirectional  rolling  from  the  32- 
mm-thick  rolling  bars  dowm  to  a  thickness  of 
4.6  mm.  This  provided  a  total  reduction  of 
S.'S  percent.  For  processes  #1.  #2.  and  #4.  the 
tantalum  was  rolled  parallel  to  the  original 
ingot  center  line.  For  the  complete  upset 
process  (process  #3)  the  rolling  direction  was 
perpendicular  to  the  ingot  center  line.  After 
rolling,  tantalum  from  each  plate  was  annealed 
at  temperatures  of  1313^'K.  1423°K.  and  1533°K 
for  3600  seconds  in  a  vacuum  furnace. 

In  part  2.  the  tantalum  was  processed  with 
an  additional  transverse  rolling  .step,  as  shown 
in  Figure  4.  After  the  rolling  bar  anneal,  pro- 
ce.ssing  consistfKl  of  rolling  to  a  .“iO  percent 
reduction  in  thickness,  turning  the  plate  90 
degrees,  and  rolling  to  an  additional  reduction 
of  80  percent.  'I'he  transverse  rolling  was  per¬ 
pendicular  to  the  original  ingot  center  line  for 
processes  #1.  #2.  and  #4.  The  rolling  bar  from 
process  #3  was  not  included  in  this  transverse 
roiling  study. 

Metallography  and  Texture  Evaluation 

Metallography  and  texture  specimens  were 
prepared  for  each  of  the  annealed  specimens. 
For  the  annealed  specim(ms,  the  Abrams  three- 
circle  method  from  ASTM  El  12  and  optical 
micrographs  were  u.sed  for  calculations  of  the 
grain  size  and  the  uniformity  of  the  micro.struc- 
ture.  respectively. “  The  surfaces  of  the  texture 
specimens  harl  been  polished  and  chemically 
etched  prior  to  x-ray  analysis.  A  Siemens  D.5()0 
Diffractometer  equipped  with  a  texture 
goniometer  measured  the  x-ray  intensities  for 
f!ach  pole  figure.  The  Schultz  back  reflection 
technique  was  used  with  molybdenum  radia¬ 


tion  to  record  four  pole  figures:  the  (110), 

(200).  (211).  and  (222)  pole  figures.  X-ray 
intensity  was  recorded  out  to  85  degrees  from 
the  center.  Intensity  data  w'ere  corrected  using 
a  random  sample  of  hot  isostatically  pres.sed 
tantalum  powder.  Software  supplied  by 
Siemens  with  the  x-ray  texture  system  calculat¬ 
ed  the  ODF.  This  .softw’are  used  data  from  the 
three  mo.st  intense  reflecting  planes.  (110). 
(200).  and  (211).  to  calculate  the  ODFs.  using 
the  spherical  harmonics  analysis  method. 

There  was  no  correction  for  the  ghost  peaks  in 
the  ODF.  The  notation  used  in  the  Siemens 
software  u.ses  Bunge's  notation  for  the  three 
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Figure  4.  Schematic  view  of  the  transverse 
roiling  process. 


Figure  5.  Transverse  view  of  the  macrostruc¬ 
ture  of  the  as-cast  ingots. 
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1  mm 

Figure  6.  Longitudinal  view  of  the  microstruc¬ 
ture  of  the  as-cast  ingots. 


Euler  angles,  i.e.,  PHI,  PHI  1  and  PHI  2.^  For 
constant  PHI  1=0  degree  sections,  shown  in 
Figure  2,  the  |001|<010>  orienlatioas  are 
located  at  the  corners  of  the  square,  while  the 
|llll<110>  orientation  is  located  at  PHI  2  of  45 
degrees  and  PHI  of  54.7  degrees. 

Microstructure  and  Texture  Results 

As-Cast  Ingots 

A  view  of  the  as-cast  microstructure  of  the 
original  VAR  ingots  shows  large  columnar 
grains  that  grew  along  the  center  line  of  the 
ingot.  A  photograph  (Figure  5)  of  the  grains  at 
the  end  of  the  VAR  ingot  showed  fairly  large 
equiaxed  grains.  Figure  6  shows  that  the  these 
grains  had  a  large  diameter  of  approximately  7 
mm  and  grew  along  the  length  of  the  ingot. 
Other  grains  nucleated  near  the  mold  surfaces 
and  grew  toward  the  center. 

Annealed  Rolling  Bars 

All  the  rolling  bars  had  a  vacuum  anneal  at 
1223°K  for  3600  seconds  to  partially  recrystal¬ 
lize  the  microstructure  and  break  up  the  origi¬ 
nal  as-cast  grains.  Figure  7  shows  that  the 
recrystallized  microstructure  depended  strong¬ 
ly  on  the  ingot  breakdown  process.  For  process 
#1,  the  rolling  bar  appeared  essentially  unre- 
crystallized  by  the  1223°K  anneal.  For  the 
other  processes,  the  microstructure  showed  a 
variety  of  grain  sizes,  some  fine  recrystallized 
grains,  and  some  large  grains  remaining  from 
the  original  ingot. 


Unidirectionally  Rolled  and  Annealed 
Tantalum 

Table  1  lists  the  grain  size  results  of  the  uni¬ 
directionally  rolled  and  annealed  plates.  The 
lowest  annealing  temperature  produced  materi¬ 
al  that  contained  unrecrystallized  bands  in  tan¬ 
talum  from  all  four  processes.  Optimum 
Ull|<110>  and  {111|<112>  orientations  devel¬ 
oped  in  plates  from  processes  #1,  #2.  and  #4 
annealed  at  1423°K.  Plates  processed  by 
process  #3  had  optimum  |111}<110>  and 
illl|<112>  orientations  after  annealing  at  a 
lower  temperature  of  1313°K,  but  the 
microstructure  showed  a  small  unrecrystallized 
band  at  midthickness.  The  highest  annealing 
temperature  produced  what  the  authors  decid¬ 
ed  were  unacceptably  large  grains  for  most  of 
the  processes,  and  especially  for  processes  #3 
and  #4,  so  the  annealing  temperature  was 
reduced  to  1473°K  in  part  2  of  this  work. 

Table  1.  Grain  Size  of  the  Annealed  Tantalum 
(Microns) 

Annealing  Temperature 
(K) 


Process  #  Process 

1313 

1423 

1533 

1 

Side  Forged 

6,5* 

89* 

116 

2 

Upset/Side 

59* 

66 

82 

3 

Complete  Upset 

|,38* 

78 

218 

4 

Extruded 

47* 

83 

244 

*  More  than  5%  unrecrystallized  material 
Optimum  1111  |<UVW>  texture  components 


57 
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DtH’Kldpment  of  (111 |<iivvv>  Texturns 

Photomicrographs  of  the  plates,  uniclirec- 
tionally  rolled  and  annealed  at  a  temperature  to 
produce  an  optimum  illl|<uvvv>  type  texture, 
are  shown  in  Figure  8.  Sections  of  the  ODF  for 
the  four  optimum  annealing  conditions  are 
shown  in  Figure  9.  The  optimum  temperature 
was  selected  as  the  one  that  provided  the  high¬ 
est  intensity  for  the  (111|<110>  orientation  on 
the  ODF’  and  a  low  intensity  for  the  |100)<110> 
orientation.  The  two  commercial  proces.ses.  #1 
and  #2.  resulted  in  very  similar  mixed  textures 
with  both  (ml  and  (lOOl  type  components. 
Process  #1  actually  exhibits  a  (1141  component 
that  es.sentially  simulates  the  (lOOl  type.  The 
relative  maximum  intensities  for  the  various 
components  taken  from  the  OOP’s  are  listed  in 
Table  2.  Both  processes  #1  and  #2  had  the 


Table  2.  f  exture  (Components  for 
IJnidirectionally  Rolled  and  Annealed  Plates 

Annealing  Maximum  Intensity 


Temp 

for  Each  Component 

Process 

IK] 

lllll  11121  11141  llOOl 

Side  Forged 

1313 

6 

5 

— 

6 

1423 

10 

3 

6 

— 

1533 

24 

7 

4 

7 

Upset/Side 

1313 

6 

— 

3 

11 

1423 

9 

— 

— 

5 

1533 

9 

1 

— 

4 

Complete 

1313 

16 

— 

— 

3 

Upset 

1423 

14 

— 

4 

2 

1533 

5 

4 

3 

8 

Extruded 

1313 

_ 

3 

6 

12 

1423 

14 

— 

— 

— 

1533 

20 

— 

— 

1 

Figure  9.  ODF  sections  for  each  plate  after  annealing.  (A)  Process  #1  at  1423'’K.  (B)  Process  #2  at 
142.1°K.  (C)  Process  #3  at  1313°K.  and  (D)  Process  #4  at  1423‘’K. 
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Figure  10.  Alpha  and  gamma  fibers  from  the 
anneal  optimization  study.  (A)  alpha  and  (B) 
gamma. 

|lllt<iivvv>  type  texture  as  the  strongest  with 
an  intensity  of  nine  times  random,  as  seen  in 
Figure  10. 

The  remaining  two  processes  resulted  in  very 
similar  texture  re.sults  to  each  other,  with  strong 
|1 1 1|<110>  and  |1 1 1 1<1 12>  orientations.  The 
complete  upset  forging  process  (process  #.3)  had 
mixed  Mlll<uvw>  and  {100l<uvw>  type  tex¬ 
tures  with  the  strongest  |llll<110>  peak  of  16 
times  random.  Plate  from  the  extrucied  bar 
(proce.ss  #4)  had  {llll<110>  and  |llll<112> 
texture  c:omponents  with  no  il00l<uvw>  type 
texture  components.  The  peak  lllll  intensity 
from  the  GDF  was  14  times  random. 


Transverse  Rolled  and  Annealed  Tantalum 

Additional  transverse  rolling  did  not  change 
the  recrystallized  grain  sizes  from  tho.se  of  the 
unidirectionally  rolled  tantalum  as  shown  in 
Table  3.  F’or  process  #1.  plate  annealed  at 
1423  K  had  a  grain  size  of  88  microns  in  the 
transverse  rolled  and  annealed  plate,  while  the 
unidirectionally  rolled  plate  had  an  89-micron 
grain  size.  The  recrystallized  grain  size  did  not 
change  significantly  for  the  other  processes. 


Table  3.  Grain  Sizes  for  the  Trans\  erse  Rolled 
and  Annealed  Plates  (Microns) 

Annealing  Temperature 

Process  #  Proc.ess 

1  Side  Forged 

2  Upset/Side 

3  Complete  Upset 

4  Extruded 

*  More  than  5%  unrecrystallized  material 
I  i Optimum  annealing  temperature 


1313 

(K) 

1423 

1473 

j74*  ; 

88 

109 

42* 

88 

87 

Not  Available 

45 

66 

103 

Table  4.  Texture  C'omponents  for  the 
Transverse  Rolled  and  Annealed  Plates 


Annealing  Maximum  Intensity 


Temp 

for  Each  Component 

Process#  Process 

JJ^ 

nil 

1  11121  11141  llOOl 

1  Side  Forged 

1313 

28 

— 

— 

2 

1423 

19 

3 

— 

— 

1473 

— 

7 

6 

B 

2  Upset/Side 

1313 

4 

— 

8 

10 

1423 

3 

7 

— 

4 

1473 

17 

3 

— 

3 

3  Complete 

Not  Available 

Upset 

4  Extruded 

1313 

5 

3 

3 

1423 

6 

— 

2 

5 

1473 

15 

2 

— 

6 

Tantalum  from  proces.ses  #1  and  #2  with  the 
additional  transverse  rolling  steps  had  stronger 
|llll<110>  and  llll|<112>  textures,  but  trans¬ 
verse  rolling  weakened  the  |lll|<uvw>  type 
textures  in  the  tantalum  from  prot;ess  #4.  After 
the  additional  transverse  rolling  process  fol- 
low'ed  by  annealing,  plates  from  process  #1  had 
a  mixture  of  (lll|<uvw>  and  |100|<uvw>  ori¬ 
entations  as  listed  in  Table  4.  The  intensity  of 
the  (111|<011>  component  was  strengthened 
by  the  additional  transverse  rolling  steps  to  28 
times  random  while  the  (114)  and  |112|  compo¬ 
nents  were  nonexistent.  This  texture  was 
developed  at  the  lowest  annealing  temperature 
of  1313'’K.  Annealing  at  higher  temperatures 
degraded  the  texture.  The  texture  of  plates 
from  process  #2  also  improved  after  the  addi¬ 
tional  tran.sver.se  rolling  step.  This  plate  had  to 
be  annealed  at  1473"  K  to  have  dominant 
1111  l<uvw'>  type  textures. 

Additional  transverse  rolling  decreased  the 
|lll)<uvw>  orientations  in  plates  from  process 
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#4.  and  it  also  increased  the  intensity  of  the 
1100|<uvw>  orientations.  The  plate  had  to  be 
annealed  at  the  highest  temperature  in  order  to 
reduce  the  intensity  of  the  |100|<uvw>  texture 
components.  Even  at  the  highest  annealing 
temperature,  the  ratio  of  the  lllll<uvw>  inten¬ 
sity  to  the  |100l<uvw>  intensity  was  only  about 
2  to  1.  For  both  proces.ses  #2  and  #4.  the 
annealing  temperature  had  to  be  raised  to  a 
higher  temperature. 

Development  of  |llll<uvw>  Textures  in 
Transverse  Rolled  and  Annealed  Tantalum 

The  optimum  textures  for  the  transverse 
rolled  and  annealed  plates  are  highlighted  in 


the  boxes  in  Table  3.  Figure  11  shows  the 
micro.structure.s  of  plates  annealed  at  the  opti¬ 
mum  temperatures.  Constant  PHI  1  s(!Ctions 
from  the  ODF  for  the  optimum  temperatures  are 
provided  in  Figure  12.  For  the  plates  processed 
with  the  additional  transverse  rolling  step, 
process  #1  gave  the  strongest  |llll<uvw>  type 
textures.  For  the  other  proces.ses,  #2  and  #4, 
the  plates  had  to  be  annealed  at  higher  tem¬ 
peratures  to  strengthen  the  |lll|<uvw>  type 
textures.  At  the.se  higher  annealing  tempera¬ 
tures.  the  plates  from  process  #4  recrystallized 
to  a  large  grain  size.  The  alpha  and  gamma 
fibers  for  the  three  proces.se.s  are  shown  in 
Figure  13. 


Figure  11.  Microstructures  of  the  tran.sverse  rolled  and  annealed  plates.  (A)  Process  #1  at  1313°K. 
(B)  Process  #2  at  1473°K.  and  (C)  Proce.ss  #4  at  1473°K. 


Figure  12.  ODF  sections  for  tran.sverse  rolled  and  annealed  plates.  (A)  Proce.ss  #1  at  1313"K.  (B) 
Proce.ss  #2  at  1473°K.  and  (C)  Process  #4  at  1473“K. 
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Discussion 

The  results  of  this  study  indicate  that  the 
ingot  hreakdovvn  process  greatly  influenced  the 
development  of  crystallographic  texture  in  tan¬ 
talum  and  the  ability  to  recrystallize  plate  with 
strong  |llll<ll()>  and  |llll<112>  compo¬ 
nents.  During  the  ingot  breakdown  process, 
the  goal  was  to  introduce  work  into  the  ingot  to 
partially  recrvstallize  the  large  as-ca.st  colum¬ 
nar  grains  seen  in  Figure  6.  In  the  side  forging 
process,  less  cold  work  had  been  introduced  in 
the  axial  direction  (along  the  ingot  center  line) 
compared  to  the  other  rolling  bars.  The  sum  of 
the  absolute  value  of  the  true  strains  along  the 
ingot  center  line  was  only  0.15  compared  to 
over  t.O  for  the  three  other  processes,  as  listed 
in  Table  5.  With  the  decreased  level  of  cold 
work  provided  by  the  side  forging  process  in 
this  direction,  the  rolling  bar  did  not  recrystal¬ 
lize  at  122.3°K.  while  the  rest  of  the  rolling  bars 
at  least  were  partially  recrystallized.  With  the 
1323°K  heat  treatment,  the  rolling  bar  appeared 
to  be  partially  recrystallizrid.  By  compari.son. 
the  50  percent  upset  forged  and  side  forged 
process  bar  had  the  highest  level  of  true  strain 
along  the  ingot  center  line,  and  it  appeared  to 
he  almost  completely  recrystallized. 

The  influence  of  the  original  ingot  break¬ 
down  process  is  also  seen  in  the  textures  of  the 
final  annealed  plates.  Table  1  shows  that  after 
annealing  at  142;rK,  the  plate  from  the  side 
forged  process  was  partially  recrystallized, 
while  plates  from  the  three  other  processes 
were  essentially  fully  recrystallized.  Plates 
from  the  upset  and  side  forged  process  had  the 
finest  grain  size  after  annealing  at  both  1423“K 
and  1.53.1°K,  while  the  grain  size  of  the  plates 
from  the  other  three  processes  were  all  larger. 
At  a  temperature  of  131,3°K.  the  plate  processed 
by  complete  upset  forging  had  the  finest  grain 
size.  High  strains  introduced  along  the  ingot 
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Table  5.  T  rue  Strains  Involvt^d  in  the  Ingot 
Breakdown  Processes 


Process  # 

Process 

Axial 

Strain 

Thickness 

Strain 

Width 

Strain 

1 

Side  Forged 

0.15 

0.875 

0.47 

2 

Upset/Side 

1.508 

1.565 

0.505 

3 

Complete 

Upset 

1.28 

0.64 

0.64 

4 

Extruded 

1.04 

0.88 

0.41 

center  line  by  forging  assisted  in  the  recrystal¬ 
lization  process  of  the  rolling  bar  by  breaking 
up  the  original  as-cast  columnar  grains,  thereby 
nucleating  finer  randomly  oriented  grains  for 
subsequent  processing.  Strain  introduced  by 
the  side  forging  process  did  not  add  enough 
work  to  remove  the  original  microstructure, 
and  resulted  in  a  strong  |100|<uvw>  type  tex¬ 
ture  in  the  final  plate. 

The  completely  upset  forged  bar  had  the 
.strongest  lnil<uvw>  type  textures  in  the  final 
recrystallized  plate.  Analysis  of  the  cold-rolled 
texture  of  this  plate  showed  a  strong 
|100)<011>  texture.  For  tantalum,  the  presence 
of  the  1100)<011>  texture  indicates  a  high  level 
of  cold  work  which  aids  in  the  recrystallization 
of  a  strong  |lll|<uvw>  type  texture. 

The  final  grain  size  of  the  plates  has  been 
shown  by  previous  studies  on  steel  to  depend 
.strongly  on  the  rolling  bar  grain  size.'^  The 
original  as-cast  grains  in  the  VAR  ingots  tended 
to  be  large,  as  showm  in  f’igures  5  and  6.  The 
rolling  bar  anneal  temperature  was  chosen  as 
the  temperature  at  which  the  rolling  bars  had 
ju.st  started  to  recrystallize.  Intermediate 
anneals  during  processing  aid  in  reducing  the 
final  grain  size  of  the  plates  and  also  in  forming 
fine  grains  with  the  desired  |1  ll|<uvw’>  type 


(iBinmn  1 1 1 1  l<ii\ \v> 


Figure  13.  Alpha  and  gamma  fibers  for  the  transverse  rolled  and  annealed  plates.  (A)  alpha  and  (B) 
gamma. 
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Figure  14.  Comparison  of  tho  alpha  and  gamma  fibers.  (A)  Process  #1.  (B)  Process  #2.  and  ((')  Process  #4. 


orientations.  It  appears  that  the  partially 
recrystallized  microstriicture  provides  more 
grains  with  the  correct  orientations  for  the 
growth  of  the  desired  |ni|<iivw>  oriented 
grains.  Formation  of  a  strong  1 1 1 1  l<uv  vv>  type 
texture  for  steel  depends  strongly  on  the  select¬ 
ed  growth  of  the  |lll|<uvw>  oriented  grains 
from  the  cold-worked  |112|<1 10>  oriented 
grains.'*  A  partially  recrystallized  rolling  bar 


evidently  provides  the  ideal  microstructiin!  for 
the  growth  of  111! |<uvw>  oriented  grains  in 
the  case  of  tantalum.  If  the  rolling  bar  is  not 
annealed,  then  there  is  a  mixed  texture  with 
11111<110>  and  |10n|<011>  orientations  in  the 
final  annealed  plates.  Single  crystal  studies  by 
Vandc;:nr,or  and  Sayilcr  have  shc.vn  that  the 
1100|<uvw>  oriented  grains  cold  work  less 
and  recrystallize  with  a  larger  grain  size.**  By 
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comparison,  the  |lll)<uvw>  oriented  grains 
cold  work  to  a  greater  extent  and  recrystallize 
with  a  finer  grain  size.  A  high  rolling  bar 
annealing  temperature  would  produce  a  large 
recrystallized  grain  size,  which  would  also 
increase  the  final  grain  size  of  the  plates. 

With  a  large  grain  size,  fewer  sites,  i.e..  grain 
boundaries,  are  available  for  dislocation  gen¬ 
eration  and  fewer  grains  with  the  desired 
llll|<uvw>  orientations  recrystallize. 

Rolling  parallel  to  the  ingot  center  line  for 
processes  #1  and  #2  did  not  reduce  the 
|100|<uvw>  texture  components.  Even  after 
rolling  to  a  reduction  of  8.5  percent  followed  by 
annealing,  the  texture  still  consisted  of  mixed 
Hill  and  llOOl  type  textures  as  shown  by  the 
alpha  and  gamma  fibers  in  Figure  10.  Side 
forged  plate,  process  #1.  had  the  weakest 
{111|<110>  texture.  It  appears  that  upset  forg¬ 
ing  along  the  ingot  center  line  is  necessary  to 
recry.stallize  a  plate  with  |llll<uvw>  type 
textures. 

Additional  rolling  transverse  to  the  ingot 
center  line  tended  to  improve  the  textures  in 
the  final  plates  for  processes  #1  and  #2.  as 
shown  by  the  alpha  and  gamma  fibers  in  Figure 
13.  It  did  not  improve  the  texture  for  the  plate 
from  process  #4.  The  additional  transverse 
rolling  pas.ses  apparently  are  more  effective  in 
breaking  up  the  coar.se  columnar  type  grains, 
which  develop  a  .strong  Il00|<001>  texture  in 
the  annealed  rolling  bars.  Figure  14  compares 
the  alpha  and  gamma  fibers  for  unidirectional 
rolling  followed  by  annealing  versus  the  results 
for  the  tantalum  with  additional  transverse 
rolling  steps  followed  by  annealing.  The.se 
results  .show  that  it  is  possible  to  obtain  strong 
|llll<uvw>  textures  in  both  processes  #1  and 
#2  using  a  transverse  rolling  .step. 

Conclusion 

ODF  analysis  .showed  that  tantalum  proc¬ 
essed  by  complete  iip.set  forging  the  ingot  into  a 
rolling  bar  provided  recrystallized  plate  with 
strong  |111|<110>  and  |lllt<112>  type  tex¬ 
tures  and  a  fine  grain  size.  Side  forged  plates 
had  a  detrimental  Il00l<001>  texture  in  the 
rolling  bar  that  could  be  removed  only  by  sub¬ 
sequent  rolling  perpendicular  to  the  ingot  cen¬ 
ter  line.  The  tantalum  with  strong  |100l<uvw> 
orientations  had  to  be  annealed  at  higher  tem¬ 
peratures  for  the  microstructure  to  be  fully 
recrystallized.  IJpset/side  forging  or  extrusion 
of  rolling  bars  produced  plates  with  mixed 
|lll|<uvw>  and  |100|<uvw>  textures. 

Rolling  parallel  to  the  ingot  center  line  did 
not  remove  the  |100|<001>  orientations  found 
in  the  annealed  rolling  bars.  Transverse  rolling 
perpendicular  to  the  axis  of  the  columnar 
grains  was  beneficial,  breaking  up  the  large 


residual  columnar  microstructure.  This  pro¬ 
cessing  resulted  in  the  development  of  the 
desired  |111|<112>  and  |111|<110>  compo¬ 
nents  in  recrystallized  tantalum. 

It  was  possible  to  process  tantalum  ingots  via 
different  ingot  breakdown  methods  and  rolling 
schedules  similar  to  the  present  commercial 
tantalum  processes,  producing  plate  with 
.strong  (111|<112>  and  |111|<110>  texture  com¬ 
ponents.  This  crystallographic  texture,  with  no 
jlOO|<uvw>  components,  is  highly  desirable  for 
both  commercial  deep-drawing  applications 
and  for  potential  military  weapon  systems. 
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High-Power  Magnetostrictive  Materials 

Arthur  E.  Clark 


Research  at  the  Naval  Surface  Warfare  Center,  Dahlgren 
Division,  has  demonstrated  that  certain  lanthanide  elements,  e.g., 
terbium  (Tb),  dysprosium  (Dy),  and  samarium  (Sm),  used  individu¬ 
ally  or  in  compounds  with  iron,  are  excellent  candidates  for  high- 
power  magnetomechanical  energy  converting  devices.  The  strong 
magnetomechanical  coupling  in  these  materials,  plus  their  rugged¬ 
ness  and  relative  absence  of  failure  mechanisms,  make  them 
attractive  for  many  applications,  such  as  smart  structures,  high 
power  sonar  transducers,  and  active  noise-canceling  devices.  In 
this  article  we  review  the  magnetostrictive  properties  of  two  of 
these  high-power  magnetomechanical  energy  converting  materials: 
(1)  Tb^Dyj.x  alloys  and  (2)  TbxDyj.^Fe2  (Teifenol-D)  compounds 
(0<x<  1).  These  magnetostrictive  materials  have  the  capability  of 
functioning  under  adverse  environmental  conditions,  as  well  as  the 
ability  to  generate  large  stresses  and  displacements  at  low 
frequencies. 


Introduction 

A  magnetostrictive  material  is  a  magnetic  material  that  changes  dimensions 
when  its  magnetic  state  is  changed,  for  example,  when  it  is  placed  in  a  magnet¬ 
ic  field.  These  changes  are  typically  very  small,  generally  only  a  few  parts  per 
million  (ppm).  Even  so,  magnetostrictive  materials  have  been  used  in  a  wide 
variety  of  devices  for  many  years,  particularly  when  ruggedness  and  long  life¬ 
time  are  paramount.  One  important  application  of  these  materials  of  interest 
to  the  Navy  is  sonar  transduction,  where  magnetic  energy  is  converted  into 
acoustic  pulses  for  target  recognition  or  communication.  Another  is  active 
vibration  cancellation  and  ship  noise  reduction.  For  all  these  applications, 
high-power  capability  relies  on  lai^e,  magnetically  induced  dimension 
changes  (magnetostrictions). 

The  largest  displacements  achieved  magnetically  are  the  basal  plane  strains 
in  the  hexagonal  lanthanides,  Tb  and  Dy.^'^  In  these  crystals,  huge  magneto¬ 
strictions  [Af/f,  ~  10'^,  where  f  is  the  length  of  the  crystal)  derive  from  large 
anisotropic  electric  charge  distributions  of  4f  electrons  deep  within  these  ele¬ 
ments.  When  a  magnetic  field  is  applied,  the  coulomb  interaction  between 
these  electrons  and  the  lattice  develops  strong  forces  which  can  move  heavy 
structures  or  emit  strong  acoustic  signals.  The  lanthanides  themselves, 
because  of  a  low  magnetic  exchange  interaction,  are  magnetic  only  at  low  tem¬ 
peratures  (T  <  240°K),  thus  their  utility  is  generally  restricted  to  temperatures 
below  ~180°K.  However,  with  the  advent  of  recently  developed  high-tempera¬ 
ture  superconductors  that  can  conduct  electric  currents  without  loss  at  temper¬ 
atures  as  high  as  100°K,  they  offer  an  efficient  means  of  converting  electric 
energy  to  strong  forces  at  these  temperatures.  At  77°K  (the  boiling  point  of  liq¬ 
uid  nitrogen),  magnetically  induced  strains  reach  0.6  x  10'^. 
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A  tuimbor  of  attem|)ts  have  been  made  to 
extend  the  temperature  range  of  these  large 
magnetostrictions  to  room  temperature  and 
above.  Many  failed.  VVe  have  investigated  the 
magnetic  and  magnetostrictive  properties  of; 

(1)  lanthanide  oxides,  (2)  rapidly  solidified 
amorphous  lanthanide  containing  alloys,  and 
(3)  intermetallic  compounds  of  the  lanthanides 
with  the  transition  metals  iron  (Fe),  cobalt  (Co) 
and  nickel  (Ni).  Lanthanide  garnets  such  as 
Dy;,Fe50i2  exhibit  large  magnetostrictions  only 
at  low  temperatures,  even  though  their  magnet¬ 
ic  ordering  temperatures  are  far  above  room 
temperature.-*  Rapidly  .solidified  amorphous 
Tb-Fe  and  Dy-Fe  alloys  achieved  maximum 
magnetostrictions  at  room  temperatures  of  only 
-500  X  lO  '*."*  In  fact,  large  magnetostrictions  at 
room  temperatures  [Mh  -  2  x  10"  *)  were  found 
to  occur  only  in  crystalline  Tb-based  and 
Sm-based  iron  compounds.'*-'’  For  example,  in 
single  crystal  TbFe2,  the  saturation  magneto¬ 
striction  along  the  crystallographic  [11  ll  direc¬ 
tion.  defined  by  (3/2)X]]  j,  equals  3.6  x  lO'-^  at 
room  temperature. 


High-Power  Magnetomechanical  Materials 
at  Cryogenic  Temperature 

The  low  magnetic  exchange  interactions  in 
Tb  and  Dy  restrict  their  temperature  range  of 
high  magnetostrictions  to  below  ~220°K  (Tb) 
and  ~160°K  (Dy).  In  this  temperature  region, 
because  of  a  huge  magnetic  interaction  that 
causes  the  magnetic  moments  to  lie  in  the  basal 
plane  of  the.se  hexagonal  elements,  only  the 
magnetostriction  associated  with  this  plane, 
commonly  known  as  is  attainable  with 
magnetic  fields  (H)  derived  from  ordinary  drive 
coils  (H  <  2000  De).  In  addition,  easy  magneti¬ 
zation  rotation  and  minimum  hysteresis  require 
a  large  basal  plane  magnetostriction  to  basal 
plane  magnetic  anisotropy  ratio,  de’^  ned  by 

Thus,  for  optimum  performance  with 
easily  obtained  magnetic  fields,  a  minimum  in 
the  basal  plane  magnetic  anisotropy  K,;**  is 
required.  Fortunately,  the  lanthanide  elements 
Tb  and  Dy  possess  ba.sal  plane  anisotropies  of 
opposite  signs.  (In  Tb.  the  basal  plane  h  axis  is 
easy:  in  Dy,  the  basal  plane  a  axis  is  easy.)  To 
determine  the  most  desirable  alloy  for  a  given 
temperature,  the  magnetostriction  and  aniso¬ 
tropy  were  measured  for  Tb^Dyj.^  for  x  from 
0  to  I.**  The  magneto.strictions  (A,^-^)  as  a  func¬ 
tion  of  temperature  are  shown  in  F’igure  1. 

Note  that  the  values  are  very  large  and  almost 
independent  of  x  at  the  lowest  temperature.^. 
From  magnetostriction  measurements  as  a 
function  of  magnetic  field,  one  can  also  deduce 
the  ba.sal  plane  anisotropy  constant  K,j*’  for 
each  temperature.  See  Figure  2.  (Here  is 


the  .saturation  value  of  the  magnetization.) 

From  these  measurements,  it  is  now  possible  to 
determine  the  desired  values  of  x  for  each  tem¬ 
perature.  We  find  for  -  60°K.  x  =  .67;  -  100°K, 
X  =  .5;  -  120°K.  X  =  .33;  -  133°K.  x  =  .17. 

The  magnetostrictions  that  can  be  obtained 
h\  applying  a  magnetic  field  to  Tb^Dy^.^  sam¬ 
ple  rods  at  77°K  are  shown  in  Figures  3  and  4. 
Figure  3  illustrates  the  magnetization  and  mag¬ 
netostriction  found  for  a  b  axis  rod  of  Tb  r,Dy  r, 
under  typical  loading  conditions.  Note  the 
huge  jump  in  magnetostriction  of  -4.3  x  10  -*  at 
an  applied  magnetic  ficdd  o*'  less  than  300  Oe. 
At  77°K,  the  b  axis  is  magnetically  hard,  and 
rotation  of  the  magnetization  into  the  rod  b  axis 
and  its  accompanying  magnetostriction  occurs 
at  higher  1  elds.  Clearly,  the  field  dependence 
consists  of  three  regions;  (1)  a  low  field  region 
where  the  magnetization  rotates  from  a  direc¬ 
tion  (o  axis)  perpendicular  to  the  rod  axis  to  a 
direction  near  an  easy  axis.  (2)  a  steep  linear 
region  where  the  magnetization  “jumps"  from 


Figure  1.  Magnetostriction,  vs  temperature 
for  H  =  20  kOe. 


Figure  2.  Kf/’/M^  vs  temperature  for  H  = 

20  kOe,  where  Kp,*’  is  the  ba.sal  plane  magnetic 
ani,sotropy  con.stant  and  M^  is  the  saturation 
value  of  the  magnetization. 
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Figure  3.  B-axis  rod  of  Tb  sDy  5  with  applied 
stresses  of  4.89  MegaPascals  (MPa)  and 
13.8  MPa:  (a)  magnetization  vs  applied  field 
and  (b)  magnetostriction  vs  applied  field. 
Temperature  =  77°K. 

one  easy  direction  to  a  second  easy  direction 
closer  to  the  rod  axis,  and  (3)  a  region  of  stow 
approach  to  saturation  as  the  magnetization 
approaches  the  hard  b  axis.  In  Figure  4  we 
depict  the  magnetization  and  magnetostriction 
for  Tb  fiDy  4  at  77°K.  Here  s  0  and  the 
desired  full  magneto.striction  of  ~6.5  x  10  '^  is 
observed.  The  magnetization  curve  for  this 
sample  is  distinctly  different  from  that  of 
Figure  3.  In  this  alloy,  the  magnetization 
proce.ss  is  essentially  rotational,  with  saturation 
occurring  at  relatively  low  magnetic  fields. 
These  figures  provide  two  examples  of  the  kind 
of  design  data  needed  for  high-power  devices  at 
temperatures  acce.ssible  with  the  newly  emerg¬ 
ing  high-temperature  superconductors. 


High-Power  Terfenol-D  Alloys  Near  Room 
Temperature 

Above  temperatures  of  ~180°K,  the  magneto¬ 
strictions  of  the  lanthanide  elements  fall  rapid¬ 
ly.  .so  higher  values  of  magneto.strictions  mu.st 


be  obtained  in  the  TbFe2  (Terfenol)  and  SmFe^ 
(Samfenol)  based  cubic  compounds.'*  Numer¬ 
ous  substitutions  of  lanthanides  and  3d  metals 
into  the  generic  TbFe2  and  SmFe2  compounds 
have  been  made  to  improve  both  magnetic  and 
mechanical  properties,  such  as  hysteresis  and 
ruggedness.  By  far  the  most  common  substitu¬ 
tion  is  that  of  Dy  for  Tb  in  TbFe2,  which  signifi¬ 
cantly  reduces  the  lowest  order  cubic  magnetic 
anisotropy  constant  K^.  As  with  the  TbxDyj.x 
alloys,  a  large  magnetostriction/anisotropy  ratio 
is  important  to  ensure  easy  magnetization  rota¬ 
tion  and  low  hysteresis.  And  again,  similar  to 
the  Tb^Dyj.x  alloys,  this  ratio  can  be  maximized 
since  in  this  cubic  system  of  compounds.  Kj  <  0 
for  TbFe2,  >  0  for  DyFe2.  and  the  saturation 
magnetostriction  is  large  and  positive  for  both 
TbFe2  and  DyFe2.''  Magnetostriction/ 
anisotropy  ratio  maximization  (anisotropy  com¬ 
pensation)  occurs  near  room  temperature  for 
TbxDyj.xFe2.v  (Terfenol-D)  with  0.27  <  x  <  0.3, 

0  <  y  <  0.5.  Here  M/f  =  =  2.4  x  lO''*.^ 

In  this  section  we  describe  some  recent  results 
and  models  for  the  high-power  Terfenol-D 
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Figure  4.  A-axis  rod  of  Tb^Dy  4  with  applied 
.stre.sses  of  4.4  MPa  and  12.4  MPa:  (a)  magneti¬ 
zation  vs  applied  field  and  (b)  magnetostriction 
v.s  applied  field.  Temperature  =  77°K. 
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alloys  with  x  ~  0.3.  Samarium  compounds, 
which  are  difficult  to  prepare  and  yield  nega¬ 
tive  displacements,  will  not  be  discussed  fur¬ 
ther  in  this  paper. 

The  highly  magnetostrictive  Tb^Dyj.xFe2.v 
alloy  grows  most  easily  along  a  crystallographic 
[112]  direction  in  long,  thin  dendritic  plates. 
This  growth  direction  is  not  a  principal  direc¬ 
tion  in  the  cubic  system  and.  unfortunately,  the 
magnetostrictive  behavior  is  very  complex.^  A 
further  complexity  occurs  because  the  den¬ 
drites  are  twinned.  These  growth  habits,  plus  a 
large  ^ii]/A.iqq  magnetostriction  ratio,'*  strongly 
influence  the  magnetic  field,  temperature,  and 
stress  dependencies  of  the  magnetostriction.** 

At  temperatures  far  below  room  temperature 
(T  <  magnetic  anisotropy  compensation  tem¬ 
perature),  we  find  the  (nearly  nonmagnetostric- 
tive)  <100>  axes  magnetically  easy.  Relatively 
small  magnetostrictions  are  found.  At  tempera¬ 
tures  near  room  temperature  and  above  (T  > 
magnetic  anisotropy  compensation  tempera¬ 
ture).  the  highly  magnetostrictive  <11 1>  axes 
are  magnetically  ea.sy.  and  magnetization  jump¬ 
ing  can  occur  between  one  easy  [111]  direction 
and  a  second  [111]  easy  direction  close  to  the 
rod  axis.  Huge  changes  in  sample  length 
accompany  these  jumps  (similar  to  those  in  the 
low  temperature  Tb  ^Dy  5  alloy).  During  the 
jump,  a  large  amount  of  internally  stored  mag¬ 
netic  energy  is  abruptly  converted  to  elastic 
energy,  which  can  do  extensive  work  against 
externally  applied  stresses. 

High-power  lanthanide-iron  alloys  are  now 
marketed  worldwide  by  many  suppliers  from 
whom  representative  magnetostrictive  curves 
and  magnetomechanical  properties  are  avail¬ 
able.  In  the  following,  we  report  data  for 
Terfenol-D  taken  from  magnetostrictive  rods 
supplied  by  Edge  Technologies,  Inc.,  Ames, 
Iowa.  The  "turning-on”  of  the  magnetostriction 
with  increasing  temperature  is  shown  in 
Figure  5.  At  -50°C.  far  below  the  anisotropy 
compensation  temperature  for  this  alloy,  a  con¬ 
ventional  magnetization  curve  is  observed, 
accompanied  by  a  small  magnetostriction.  The 
primary  magnetization  proce.ss  is  found  to  pro¬ 
ceed  by  the  movement  of  walls  betw'een  mag¬ 
netic  domains  with  antiparallel  magnetizations 
(180-degree  domain  wall  motion),  followed  by 
.some  magnetization  rotation  away  from  the 
nonmagnetostrictive  <100>  axes  toward  the 
<111>  axes.  From  -50°C  to  -10°C.  the  magneto¬ 
striction  gradually  increa.ses.  At  -10°C.  K,  h  0. 
At  this  temperature  and  above,  with  the  com- 
pre.ssive  stress  of  13.3  MegaPascals  (MPa)  pro¬ 
viding  a  transverse  ea.sy  direction,  the  magne¬ 
tization  lies  along  the  magnetostrictive  [llll 
direction  perpendicular  to  the  rod  axis  for 
zero  applied  field.  As  the  magnetic  field  is 
increa.sed.  a  small  increa.se  in  length  is 


observed  until  at  a  critical  field.  H,,.,  a  rapid 
increase  in  length  occurs  with  increasing  field 
[\ili  >  10'^).  A  .still  further  increase  in  length 
occurs  at  greater  fields.  At  0°C  and  above,  the 
<11 1>  directions  are  sufficiently  easy  to  cause 
the  magnetization  to  jump  between  two  <11 1> 
directions  as  the  magnetic  field  is  changed.  For 
20°C  <  T  <  80°C.  the  break  in  the  magnetostric¬ 
tion  and  magnetization  curves  at  H,  ,.  is  even 
more  distinct  (Figures  5  and  6).  At  these  higher 


Figure  5.  Magnetostriction  and  magnetization 
curves  of  Tb:jDy7Fei  9  as  a  function  of  tempera¬ 
ture  with  a  compressive  stress  of  13.3  MPa. 


Field  (Oe) 

Figure  6.  Magnetostriction  of  Tb,Dy7Fe,  9  at 
20°C  with  compressive  stresses  of  0.  7.6.  and 
18.9  MPa. 
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temperatures.  K]  is  more  negative  and  the  barri¬ 
er  between  the  <111>  directions  is  higher.  The 
slowly  decreasing  value  of  magnetostriction 
with  increasing  temperature  for  20°C  <  T  < 

80°C  is  due  to  the  decrease  in  the  saturation 
magnetostriction  with  temperature.  In  summa¬ 
ry.  at  temperatures  above  0°C  both  the  magneti¬ 
zation  and  magnetostriction  consist  of  three 
distinct  regions:  (1)  a  very  low  field  region 
where  there  is  little  magnetization  and  magne¬ 
tostriction.  (2)  the  important  magnetization 
jumping  region  in  which  the  magnetic  moment 
jumps  between  two  directions  which  have 
widely  different  magnetostrictions,  and  (3)  a 
final  magnetization  rotation  region  where  the 
magnetic  moment  rotates  toward  the  1112]  rod 
axis.  Substantial  magnetostrictions  also  occur 
in  the  high  field  region. 

Magnetostriction  and  magnetization  curves, 
similar  to  those  depicted  in  Figure  6,  are  ob¬ 
served  for  all  compressive  stresses,  o  >  7  MPa. 
As  the  compressive  load  is  increased  above 
7  MPa,  however,  a  larger  external  field  is 
required  to  produce  the  greater  work  done  by 
expansion  against  the  stress.  This  is  illustrated 
in  Figure  6  for  o  =  7.6  MPa  and  18.9  MPa.  At 
very  low  applied  stresses  (a  <  5  MPa),  internal 
stresses  developed  during  the  growth  process 
dominate  the  external  stress  and  prevent  the 
H  =  0  state  from  being  the  minimum  magne¬ 
tostriction  state  (one  in  which  all  magnetic 
domains  point  in  the  transver.se  direction). 
Figure  6  shows  that  for  zero  applied  stress  there 
is  no  magnetization  jumping.  In  this  case  the 
magnetization  process  proceeds  by  180-degree 
domain  wall  motion  at  low  field,  followed  by 
magnetization  rotation  at  high  fields.  For  o  =  0, 
only  this  latter  process  gives  rise  to  magneto¬ 
striction.  At  20°C  approximately  5  MPa  to 
7  MPa  is  required  to  achieve  70,5-degree  wall 
motion  and  magnetostriction  jumping. 

Typical  temperature  dependencies  of  the 
magnetostrictions  are  summarized  in  Figure  7 
for  o  =  7.6  MPa  and  18.9  MPa  and  for  applied 
fields  of  250  Qe.  500  Oe.  1000  Oe.  and  2000  Oe. 
Note  that  the  on.set  of  the  magneto.strictive  state 
(<111>  easy)  occurs  near  -10°C  in  TbxDyi,.<F’e, ,, 
with  X  =  0.3.  For  x  <  0.3,  this  onset  moves  to 
higher  temperatures;  for  x  >  0.3.  this  onset 
moves  to  lower  temperatures.  Thus,  the  peak 
in  the  temperature  dependence  of  the  magne¬ 
tostriction  can  be  adju.sted  by  varying  x.-’  An 
important  characteri.stic  of  twinned,  single¬ 
crystal  Terfenol-D  is  the  large  increase  in  length 
at  low  applied  fields.  Magneto.strictions 
-800  ppm  exist  at  250  Oe  for  o  =  7.6  MPa.  and 
-600  ppm  at  500  Oe  with  a  =  18.9  MPa.  Large 
magnetostrictive  bars  of  Terfenol-D  for  high- 
power  acoustic  transducers  were  characterized 
by  Moffet,  et  al.’”  for  operating  stres.ses  up  to 
30  MPa  and  fields  up  to  800  Oe.  Hybrid  tran.s- 
ducers  utilizing  Terfenol-D  and  conventional 


piezoceramic  materials  in  a  unified  structure 
are  described  by  Butler,  et  al.” 

A  simple,  two-dimensional  model  of  the 
magnetization  process  in  Terfenol-D  is  depicted 
in  Figure  8.  Here  at  H  =  0  (and  with  pressure 
.sufficient  to  populate  only  the  [111]  direction 
perpendicular  to  the  rod  axis),  a  single  domain 
exists  which  traverses  the  dendrites.  As  the 
field  is  first  increased,  the  magnetic  moments 
remain  close  to  the  perpendicular  [111]  direc¬ 
tion  (Figure  8a)  until  the  magnetic  energy  is 
sufficient  to  exceed  the  magnetocrystalline 
anisotropy  energy  barrier  and  perform  the  work 
required  against  ihe  compressive  load.  At  low 


Figure  7.  Magnetostriction  of  Terfenol-D  vs 
temperature  for  compressive  stresses  of  7.6  and 
18.9  MPa. 
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Figure  8.  Model  of  »he  magnetization  process 
for  ]112]  twinned  Terfenol-D  single  crystal. 
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fields,  only  a  small  magnetostriction  results.  At 
the  critical  magnetic  field,  magnetiza¬ 

tion  of  one  twin  jumps  to  a  new  direction  close 
to  the  [ml  direction,  which  is  19.5  degrees 
from  the  [112]  rod  axis,  while  the  magnetiza¬ 
tion  of  the  other  twin  remains  close  to  the  per¬ 
pendicular  [111]  direction  (Figure  8b).  With 
further  increase  in  magnetic  field,  final  rotation 
of  both  twins  toward  the  [112]  direction  occurs 
(Figure  8c). 

The  application  of  this  model  to  the  data  of 
Figure  6  predicts  that  the  strain  which  occurs 
with  magnetization  jumping,  Ak,  is  given 
approximately  by  1/2  of  the  saturation  magne¬ 
tostriction.  For  measurements  along  [112]  and 
rotation  from  [111]  perpendicular  to  the  rod 
axis  to  [111]  19.5  degrees  from  the  rod  axis,  the 
saturation  magnetostriction  is  given  by 
(4/3)A,m.  Thus  the  strain  in  the  twinned  sam¬ 
ples  is  predicted  to  be  AX  =  AXp/2  +  AX,/2  = 
(2/3)Xm  -H  0  =  1067  ppm.  (Here  equal  vol¬ 
umes  of  parent  (p)  to  twin  (t)  are  assumed,  and 
=  1600  ppm.'')  This  calculated  value  is 
very  close  to  the  observed  value  of  -1000  ppm. 
Similarly,  the  magnetization  jump  (AM)  is 
approximately  given  by  (M5./2)sin  70.5°  = 

-0.5  T,  where  the  saturation  magnetization 
is  taken  to  be  1.05  T.  This  also  is  in  good  agree¬ 
ment  with  an  observed  value  of  AM  -  0.58  T. 

At  higher  compressive  loads,  the  magnetostric¬ 
tion  and  magnetization  jumps  become  slightly 
smaller  since  the  angle  change  is  less  than 

70.5  degrees. 

It  is  interesting  to  compare  the  work  done 
against  the  compressive  load  to  the  magnetic 
energy  supplied  by  the  magnetic  field.  For 
pressures  of  7.6  MPa,  13.3  MPa,  18.9  MPa  and 

24.5  MPa,  critical  fields,  H^p,  were  295  Oe, 

500  Oe,  705  Oe,  and  1000  Oe,  respectively. 
Figure  9  shows  the  fraction  of  the  magnetic 
energy,  E,„;,g  (M-H)  converted  to  mechanical 
energy  or  work,  W  (o  AX)  during  the  magnetiza¬ 
tion  jumping  process.  (The  additional  work 
done  during  the  final  rotation  process  is  not 
included  in  the  figure.)  As  the  compressive 
load  is  increased,  a  larger  fraction  of  the  mag¬ 
netic  energy  is  converted  to  work.  Because  of 
magnetization  jumping,  only  a  moderate 
triggering  magnetic  field  is  required  to  transfer 
the  energy  between  the  magnetic  state  and  the 
mechanical  state.  The  size  of  this  field 
depends  upon  the  magnetic  hysteresis.  The 
sample  used  in  this  experiment  required 
-100  Oe  to  trigger  the  jump.  If  a  bias  magnetic 
field  (Hj,)  is  introduced  and  the  magnetic  ener¬ 
gy  is  given  by  the  triggering  magnetic  energy. 
M-(H  -  Hb).  rather  than  by  M  H,  the  ratio  of 
work  done  against  the  stress  to  the  magnetic 
energy  supplied,  W/En,ag.  can  become  far 
greater  than  unity. 


Using  this  magnetization  jumping  mecha¬ 
nism  for  samples  with  lower  hysteresis,  larger 
amounts  of  energy  can  be  transferred  from  the 
internal  magnetic  state  to  the  external  mechani¬ 
cal  state  by  a  small  triggering  magnetic  field. 
The  strain  discontinuities  for  twinned  [112] 
samples  of  Terfenol-D  are  limited  to  -1000 
ppm  at  room  temperature.  In  [112]  untwinned 
samples  these  discontinuities  are  predicted  to 
increase  to  -2000  ppm,  and  in  single  crystal, 
TbFe2  jumps  up  to  -3500  ppm  would  occur. 
Thus,  further  substantial  increases  are  possible 
in  performance  of  high-power  transducers, 
vibration  isolators,  and  actuators,  as  well  as 
rapid  solid-state  mechanical  switches.  An 
“inchworm”  or  “magnetostriction”  motor 
developed  from  these  materials  would  be  high¬ 
ly  efficient. 

Magnetomechanical  Materials  at  High 
Temperature 

In  the  region  above  room  temperature,  the 
magnetostrictions  of  both  TbFe2  and 
Tb  27Dy  73Fe2  slowly  decrease  to  zero  as  the 
temperature  is  raised.  Figure  10  illustrates  the 
magnetostriction  resulting  from  a  90-degree 
rotation  of  the  magnetization  in  a  field  of 
9  kOe.'2  In  this  study,  the  samples  were  not 
composed  of  perfectly  aligned,  twinned  den¬ 
drites.  Because  of  the  magnetocrystalline 
anisotropy,  the  magnetostriction  is  not  saturat¬ 
ed  at  the  lower  temperatures,  particularly  in 
TbFe2.  Substantial  magnetostrictions  (>  10'^) 
persist  as  high  as  150°C  in  Tb  27Dy  73Fe2  and 
250°C  in  TbFe2.  At  these  high  temperatures,  the 
magnetic  anisotropy  is  small  and  saturation  is 
attained  at  low  applied  fields. 


Figure  9.  Magnetic  energy,  En,ag  (M-H)  convert¬ 
ed  to  Work,  W  (AX-o)  during  the  magnetization 
process.  The  dashed  line  represents  lossless 
conversion. 
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Figure  10.  Magnetostriction  of  TbFe2  and 
Tb  27Dy  7;,Fe2  at  high  temperatures. 


Conclusions  and  Applications 

Two  classes  of  high-power  magnetostrictive 
materials  have  been  developed  at  White  Oak. 
Alloys  of  Tb  and  Dy  have  achieved  huge  strains 
at  temperatures  up  to  100°K.  Intermetallic 
compounds  containing  Tb,  Dy.  and  Fe  have 
produced  strains  of  1000  ppm  at  temperatures 
up  to  250°C.  A  large  number  of  magneto¬ 
mechanical  transducers  and  actuators  utilizing 
these  materials  have  been  designed  and  manu¬ 
factured.  See.  for  example,  Butler.'^ 

Kvarnsjo,^"*  and  Claeyssen^®  for  design  details. 
Structures  with  infinite  stiffness,  as  well  as 
structures  that  are  extremely  soft,  can  clearly 
be  fabricated  with  highly  magnetostrictive 
materials.  Because  of  the  large  saturation  mag¬ 
netostriction  and  the  large  blocking  forces  of 
the  lanthanides,  structures  designed  to  be  infi¬ 
nitely  rigid  can  withstand  strong  impulses,  and 
structures  designed  to  he  soft  can  isolate  vibra¬ 
tions  at  very  low  frequencies.  Additionally, 
variable  frequency  resonators  with  large  fre¬ 
quency  spans  are  possible."*  Structures  using 
composite  magnetostrictive/piezoelectric  mate¬ 
rials  have  already  produced  unconventional 
nonreciprocal  sonar  performance,  with  large 
front-to-back  power  outputs.** 
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Molecular  Beam  Epitaxy  of  Insulators 
and  Semiconductors  on  Si-Based 
Substrates 

T.  K.  Chu,  F.  Santiago,  and  C.  A.  Huber 


The  growth  of  high  quality,  single-crystalline  materials  on  top  of 
each  other  (heteroepitaxy)  is  a  subject  of  intense  interest  in  the 
electronic  and  opto-electronic  industries.  By  combining  the  desir¬ 
able  properties  of  various  materials  in  heteroepitaxial  structures, 
many  innovative  devices  have  been  developed  and  commercialized 
in  recent  years.  Our  objective  here  is  to  investigate  the  physical 
and  chemical  processes  involved  in  the  epitaxial  growth  of  semi¬ 
conductors  and  insulators  on  standard  electronic-grade  silicon  (Si) 
wafers.  It  is  motivated  by  the  potential  for  sensor  integration  and 
for  monolithic  devices.  Both  are  of  interest  to  Navy  system  devel¬ 
opment.  For  this  work,  the  molecular  beam  epitaxy  method  is  used 
with  in  situ  surface  analysis  techniques  under  ultrahigh  vacuum, 
contamination-free  conditions.  Results  are  presented  for  an  insu¬ 
lator,  barium  fluoride  (BaF2),  and  a  semiconductor,  lead  telluride 
(PbTe).  From  these  results,  it  is  projected  that  alloy  semiconduc¬ 
tors  of  the  mercury  cadmium  telluride  (HgCdTe)  system  can  also  be 
grown  epitaxially  on  Si.  Such  epitaxies  would  have  positive 
impact  on  the  Navy  infrared  focal-plane  array  technology  by  allow¬ 
ing  on-chip  integration  of  the  detector  with  the  signal-processing 
circuitry. 


Introduction 

Molecular  beam  epitaxy  (MBE)  technology  is  the  most  advanced  among 
those  used  for  semiconductor  material  processing.  Materials  can  be  fabricated 
on  a  layer-by-layer  basis  on  an  atomic  scale,  under  ultrahigh  vacuum,  ultra¬ 
clean  conditions.  This  is  achieved  through  stringent  control  of  both  the  vac¬ 
uum  environment  and  the  evaporation  of  the  source  materials.  An  advantage 
of  the  Dahlgren  Division’s  facility  is  our  capability  to  monitor  in  situ  the  MBE 
growth  by  x-ray  photoelectron  (XPS),  ultraviolet.  Auger  and  reflection  high- 
energy  electron  diffraction  (RHEED)  spectroscopies.  This  capability  has  led  to 
very  exciting  discoveries  in  the  growth  of  both  insulators  and  compound  semi¬ 
conductors  on  Si  substrates. 

In  this  investigation,  the  majority  of  the  surface  analysis  was  done  with  XPS 
and  RIICED.  XPS  is  also  known  as  electron  spectroscopy  for  chemical  analy¬ 
sis,^  which  involves  the  photoelectric  effect  when  a  specimen  is  exposed  to 
soft  x-rays.  The  electrons  thus  emitted  are  energy  analyzed.  The  kinetic 
energy  of  the  electron  is  given  by: 


KE=  hv-  BE 


(1) 
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where  BE  is  the  binding  energy  of  the  atomic 
core  level  (designated  by  the  quantum  numbers 
of  the  Bohr  atom,  such  as  Ba  3d5/2,  etc.)  from 
which  the  photoelectron  is  emitted:  hv  is  the 
x-ray  photon  energy:  and  0  is  the  work  function 
of  the  electron-energy  analyzer.  From  the 
energy  distribution  of  the  photoelectrons,  one 
can  obtain  element  identification  and  chemical 
information  by  comparing  a  chosen  core  level 
with  that  of  either  the  pure  element  or  a  known 
compound. 

A  problem  commonly  encountered  in  this 
analysis  is  that  shifts  can  also  be  due  to  charg¬ 
ing  on  insulating  surfaces.  Fortunately,  in  this 
work  the  thicknesses  of  the  films  studied  were 
small  enough  that  only  very  slight  charging  was 
found.  Moreover,  in  the  instances  when  charge 
was  present,  the  shift  due  to  charging  and  shifts 
due  to  changes  in  chemical  state  could  be  dis¬ 
tinguished,  Charging  causes  a  small  displace¬ 
ment  of  the  entire  photoelectron  spectrum. 

This  displacement  is  dependent  on  sample 
thickness.  Changes  in  chemical  state,  on  the 
other  hand,  induce  relative  energy  shifts  that 
are  thickness  independent.  Thus,  energy  shifts 
due  to  chemical  changes  were  easily  identified 
in  our  experiments. 

In  the  RHEED  technique,  the  diffraction  of 
an  electron  beam  at  a  low  incident  angle  is  dis¬ 
played  on  a  phosphor  screen.  Long-range  order 
of  the  irradiated  specimen  is  manifested  by 
well  defined  lines.  This  technique  is  an  in  situ, 
real-time  monitor  of  the  crystallinity  of  the 
deposited  films.  Information  on  the  crystal 
structure  can  also  be  extracted  from  analysis  of 
the  diffraction  pattern.  This  analysis,  however, 
was  not  carried  out  in  great  detail  in  the  current 
investigation. 

Recently,  the  growth  of  fluorides  on  silicon 
had  been  investigated  by  various  researchers. 
This  interest  arises  due  to  the  excellent  dielec¬ 
tric  properties  of  these  insulators,  which  are 
desirable  for  micro-electronic  circuitry.  Efforts 
had  been  focused  mostly  on  calcium  fluoride 
(CaF2)^‘'*  because  of  its  good  lattice  match  with 
silicon.  Fluorides  are  also  transparent  in  the 
mid-  to  long-infrared  spectrum.  In  addition, 
their  lattice  constants  match  quite  closely  those 
of  infrared  detector  semiconductors.  Fluoride 
crystals,  especially  barium  fluoride  (BaF2).  are 
therefore  useful  as  substrates  for  the  epitaxial 
growth  of  these  semiconductors.  Examples 
include  the  IV-Vl  semiconductors  (compounds 
of  Group  IV  and  Group  VI  elements)  such  as 
lead  telluride  (PbTe),  lead  tin  telluride 
(PbSnTe),  and  lead  selenide  (PbSe).^'^  Unfortu¬ 
nately,  high  quality,  large-area  single  crystal¬ 
line  substrates  of  fluoride  compounds  suitable 
for  epitaxial  film  growth  are  difficult  to  pro¬ 
duce,  and  in  fact  are  unavailable  commercially. 
As  a  con.sequence,  epitaxial  fluoride  films  on 


large-area  Si  wafers  are  highly  desirable.  Zogg 
et  al.“  concentrated  on  heteroepitaxy  of 
BaF2/CaF2  on  llll]-oriented  silicon  substrates, 
where  the  CaF2  layer  served  as  a  buffer  between 
the  highly  mismatched  BaF2  and  Si.  Infrared 
detectors  covering  both  the  3  pm  to  5  pm  and 
the  8  pm  to  12  pm  atmospheric  windows  had 
been  demonstrated. 

More  recently,  Asano  et  al.**-^”  and  Schowal- 
ter  and  co- workers^ showed  that  BaF2  tends  to 
grow  in  the  [111]  orientation  regardless  of  the 
Si  orientation,  and  that  growth  in  any  other 
direction  was  very  difficult  to  achieve.  This 
was  attributed  to  the  strong  dipole  interactions 
across  the  (111)  fluoride  plane.  We  have  con¬ 
firmed  that  large  area,  single  crystalline  [lllj- 
oriented  BaF2  films  can  be  grown  directly  on 
silicon  of  either  the  [lllj  or  the  [lOOj  orienta¬ 
tion.”  These  BaF2  films  were  also  used  as 
substrates  for  the  growth  of  the  IV- VI  semicon¬ 
ductors.’^  From  a  simple  atomic  stacking 
model,  it  was  difficult  to  understand  how  a  sin¬ 
gle  crystalline  material  with  a  lattice  constant 
so  much  larger  can  grow  on  an  Si  lattice  (6.20  A 
vs  5.43  A).  On  the  other  hand,  a  buffer  material 
at  the  Si  surface  can  bridge  the  lattice  mismatch 
between  Si  and  BaF2  and  facilitate  crystalline 
growth  of  the  latter. 

As  will  be  shown,  our  investigations  by  XPS 
strongly  suggest  the  latter  scenario,  where  a  Ba- 
Si  compound  is  formed  via  a  chemical  reaction 
at  the  interface  between  the  Si  and  the  fluoride. 
Furthermore,  by  controlling  the  BaF2  flux  and 
the  substrate  temperature,  a  predominantly  Ba- 
Si  buffer  layer  can  be  formed  on  the  Si.  The 
thickness  of  this  buffer  layer  is  estimated  to  be 
on  the  order  of  10  A.  Although  the  nature  of 
the  Ba-Si  layer  has  not  been  fully  characterized, 
the  potential  of  the  Ba-Si/Si  structure  as  a  sub¬ 
strate  for  the  deposition  of  semiconductors 
with  large  lattice  constants  has  been  explored. 

We  report  here  also  the  very  promising  results 
on  the  growth  of  PbTe  on  Ba-Si/Si  substrates. 

XPS  analysis  of  the  deposition  of  PbTe  on 
Ba-Si/Si  also  shows  evidence  of  a  chemical 
reaction  at  the  PbTe/Ba-Si  interface.  The  analy¬ 
sis  suggests  that  a  Ba-Te  compound  is  formed. 
Together  with  those  of  the  BaF2/Si  interface, 
these  results  have  important  general  implica¬ 
tions  for  the  understanding  of  the  chemistry 
and  physics  at  the  interface  between  a  substrate 
and  a  deposited  material. 

Results  of  these  investigations  suggest  also 
that  the  heteroepitaxial  growth  of  the  II- VI  com¬ 
pounds  (such  as  cadmium  telluride.  CdTe, 
which  has  a  lattice  constant  close  to  that  of  75 

PbTe)  on  the  Ba-Si/Si  may  be  highly  likely. 

The  successful  growth  of  large  area  CdTe  films 
will  impact  on  the  manufacturing  cost  of  the 
HgCdTe  infrared  focal  plane  arrays,  which  is 
the  technology  of  choice  for  Navy  search  and 
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track  systems.  It  could  also  make  monolithic 
infrared  focal  plane  arrays,  with  full  integration 
to  Si  electronics,  a  real  possihility. 


Figure  1.  RHEED  pattern  of  a  BaF2  film  grown 
on  a  [llllSi  substrate. 


Barium  Fluoride  Film 

Film  Growth 

BaF^  films  were  grown  on  3-inch-diameter  Si 
wafers,  either  [100]-  or  (llll-oriented.  In  the 
current  experiments,  we  were  not  able  to  detect 
any  difference  between  films  grown  on  the 
(111]-  or  the  [lOOl-oriented  wafers.  The  cham¬ 
ber  used  was  a  Vacuum  Generator  (VG)  Model 
VG80M.  designed  for  the  growth  of  Si  thin  films. 
The  residual  pressure  was  less  than  410'”  mbar. 
The  source  material  was  single-crystal  BaF2. 
crushed  into  roughly  1  mm'^  pellets.  This  mate¬ 
rial  was  sublimated  from  a  Knudsen  effusion 
cell  (K-cell)  at  a  temperature  of  1050°C.  The 
shuttered  orifice  of  the  cell  was  ~0.2  m  from 
the  substrate.  The  substrate  was  situated  in  a 
horizontal,  downward  facing  position,  and  was 
rotated  at  about  0.5  revolution  per  .second. 

Prior  to  the  fluoride  deposition,  the  standard 
commercial  Si  wafer  was  heat-cleaned  at 
1000°G.  During  deposition,  the  incident  flux 
was  approximately  210‘^”  mbar,  or  equiva¬ 
lently.  a  molecular  beam  on  the  order  of  two  to 
three  monolayers  per  minute.  The  background 
pressure  in  the  chamber  was  810'^’  mbar  dur¬ 
ing  deposition.  The  substrate  temperature  was 
about  750°G.  This  temperature  was  read  by  a 
thermocouple  at  the  substrate  holder.  Surface 
temperature  measurements  with  an  optical 
pyrometer  indicated  that  the  actual  sub.strate 
temperature  was  probably  700°C  to  710°C. 

This  is  the  lowest  temperature  at  which  high- 
quality  epitaxial  films  can  be  made.  At  the  flux 
given  above,  a  deposition  time  of  about  one 
hour  is  needed  to  yield  good  quality  BaF2  sur¬ 
face  layers.  Several  series  of  films  were  also 
grown  using  deposition  times  of  1,  2,  5,  10,  and 


20  minutes.  These  films  were  deposited  for  the 
purpo.se  of  chemical  analysis  and  also  for  track¬ 
ing  the  development  of  the  deposited  material. 
After  growth,  the  samples  were  cooled  natu¬ 
rally  to  room  temperature,  which  took  approxi¬ 
mately  60  minutes.  When  necessary,  the  sam¬ 
ples  were  transferred  from  the  growth  chamber 
to  an  analysis  chamber  through  vacuum  inter¬ 
locks.  The  .samples  were  exposed  to  pressures 
no  greater  than  I.S  IO’^*’  mbar  during  the  trans¬ 
fer.  Figure  1  shows  the  RHEED  pattern  of  a 
BaF2  film  grown  on  a  |lll|Si  sub.strate.  A  par¬ 
allel  streak  pattern,  indicative  of  good  two- 
dimensional  growth,  is  displayed. 

Damage  by  X-rays 

A  problem  with  using  XPS  to  analyze  fluo¬ 
ride  compounds  is  that  the  x-rays  can  decom¬ 
pose  the  samples.  Fortunately,  a  product  of  the 
decomposition  is  gaseous  fluorine,  which  can 
escape  from  the  surface.  Thus  it  is  convenient 
to  monitor  the  decomposition  by  tracking  the 
diminishing  fluorine  .signal,  and  at  the  .same 
time  the  emergence  of  a  signal  from  the  metal¬ 
lic  species.  Using  these  indicators,  we  have 
established  that  it  took  six  hours  of  exposure  to 
the  radiation  emitted  by  the  x-ray  .source  in  our 
instrument  to  yield  a  15  percent  decomposition 
on  the  BaF'2.’  ’  Figure  2  shows  the  evidence  for 
such  decomposition  from  the  XPS  signals  for 
the  Ba  3d5/2  and  the  Ba  3d3/2  levels  for  expo¬ 
sure  times  up  to  20  hours.  In  subsequent  XPS 
analyses,  we  maintained  a  constant  total  x-ray 
exposure  time  of  20  minutes  for  all  samples,  in 
order  to  limit  the  damage  to  less  than  1  percent, 
and  in  order  that  our  findings  from  these  analy- 
.ses  on  the  interface  chemistry  were  not  sub¬ 
stantially  affected  by  the  decomposition.  In 
addition,  we  were  also  able  to  identify  the  part 
of  the  signal  due  to  damage,  since  the  damaged 
materials  showed  chemical  shifts  different  from 
the  results  reported  here. 

Ba3d5/2duetoBaF2  Ba  3d3/2  due  to  BaFz 
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Figure  2.  XPS  spectrum  of  the  Ba  3d5/2,  3d3/2 
levels  showing  the  effects  of  damage  by  x-ray 
exposure  in  the  analysis  chamber. 
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Barium  Fluoride  Signature 

In  order  to  establish  a  basis  for  comparison 
and  for  quantitative  analyses  of  results  on  the 
deposited  films,  the  characteristic  signature  of  a 
pure  BaFv  compound  has  to  be  established. 
However,  because  BaF2  is  a  good  insulator, 
there  was  a  large  differential  charging  when 
bulk  BaF^  samples  were  examined.  Thus,  the 
XPS  spectrum  of  pure  BaF2  is  not  accessible. 
Consequently,  the  XPS  spectrum  of  BaF2  was 
chosen  as  that  from  a  deposited  film  with  depo¬ 
sition  times  long  enough  that:  (1)  only  one  Ba 
chemical  species  was  observed  (i.e.,  when  the 
Ba  signal  is  stable),  (2)  no  Si  was  detected,  and 
(3)  an  F/Ba  ratio  of  2:0  was  attained.  The.se 
requirements  are  satisfied  easily  by  films  of  60- 
minute  deposition  time.  Even  though  we  did 
not  establish  the  exact  thickness  of  such  a  BaF2 
layer,  we  believe  that  the  above  criteria  are  suf¬ 
ficient  for  the  purpose  of  identifying  BaF2.  An 
additional  consideration  is  that,  for  this  dura¬ 
tion.  more  than  60  molecular  layers  of  BaF2 
would  have  impinged  on  the  surface.  Even 
assuming  a  low  sticking  coefficient  of  only 
10  percent,  the  BaF2  film  should  have  at  lea.st 
six  molecular  layers.  This  is  larger  than  the 
three  molecular  layers  for  a  similar  compound. 
CaF2  (as  determined  by  Olm.stead  et  al.^^),  to 
acquire  a  bulk  character  on  an  Si  surface.  It 
should  be  mentioned  here  that  the  Ba  3d5/2 
peak  ob.served  on  this  “bulk  BaF2”  film  can  be 
represented  by  a  Gaussian  profile  centered  at 
783.4  eV  with  a  full  width  at  half  maximum 
(FWHM)  of  0.90  eV.  This  peak  will  be  used  for 
numerical  analyses  of  other  XPS  spectra, 
details  of  which  are  given  below. 


Interface  Chemical  Reaction 

The  .surface  analysis  in  this  work  was  done 
in  a  VG  analysis  chamber  equipped  with  a 
computer-controlled  Model  CLAM-100  electron 
energy  analyzer  and  a  dual-anode  Mg/Al  x-ray 
.source.  For  the  BaF2-Si  analysis,  the  radiation 
u.sed  was  the  Mg  Ka^  2  emission  with  a  com¬ 
bined  FWHM  of  0.82  eV.  The  source  was  run 
at  \5  kV  with  an  emission  current  of  20  mA. 
The  electron  energy  analyzer  was  operated  in 
the  con.stant-pas.s-energy  mode  (i.e..  collecting 
electrons  within  a  constant  energy  spread), 
with  a  pass  energy  of  5.0  V  and  a  resolution  of 
0.1  eV.  The  pre.ssure  inside  the  analysis  cham¬ 
ber  was  never  greater  than  210  ’'’  mbar.  The 
films  were  analyzed  within  an  hour  after  they 
were  deposited,  even  though  storage  in  the 
chambers  for  periods  up  to  two  months 
resulted  in  no  detectable  change  in  the  chemi¬ 
cal  composition  of  the  surface. 


In  the  wide-scan  XPS  spectra  of  BaF2  films 
on  Si.  only  Ba,  F.  and  Si  peaks  were  present. 
Detailed  examinations  of  the  spectra  revealed 
no  contaminants.  Figure  3  Curve  (a)  shows  the 
wide-scan  XPS  spectrum  of  a  film  with  60  min¬ 
utes  of  BaF2  deposition.  In  this  spectrum,  the 
Ba  and  the  fluorine  signal  are  clearly  displayed 
while  the  Si  is  completely  ma.sked  by  the  BaF2 
Fdm.  Curve  (b)  is  included  in  this  figure  for 
convenience  and  will  be  discussed  later. 

Detailed  analysis  of  the  surface  was  facili¬ 
tated  via  the  Ba  3dr,/2  level.  This  was  chosen 
becau.se  of  its  high  intensity  and  good  separa¬ 
tion  from  other  atomic  levels  of  the  spectrum. 
Figure  4  displays  four  spectra  of  this  level 
(together  with  the  Ba  3d2/2  level,  which 
behaves  similarly)  from  a  set  of  specimens  with 
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Figure  3.  The  wide-scan  XPS  spectrum  of  (a)  a 
BaF2  film  deposited  on  a  llOOlSi  substrate  at 
750°C  for  60  minutes,  and  (b)  the  same  film 
after  being  heated  at  750°C  for  2  hours  in  the 
growth  chamber. 
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Figure  4.  Superposition  of  the  Ba  3dr,/2  (left) 
and  the  3d2/2  (right)  .spectra  for  four  deposition 
times.  This  figure  shows  evidenc:e  for  the  exis¬ 
tence  of  a  chemical  gradient  normal  to  the  sub- 
.strate  surface. 
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(iifforent  deposition  times.  It  is  clear  that  the 
binding  energy  increased  as  the  deposition 
time  increased  —  shifting  in  fact  toward  that  of 
the  bulk  BaF2  di.scussed  earlier.  Notice  that  the 
spectra  became  sharper  (smaller  FWHM)  at 
longer  deposition  times.  This  indicates  that 
the  film  initially  formed  on  the  Si  surface  by 
the  BaF2  deposition  comprises  a  mixture  of 
chemical  states  that  became  more  sharply 
defined  as  de|)osition  time  increased.  This  is 
seen  from  the  spectrum  of  the  film  of  10-minute 
deposition,  where  the  sharp  peaks  with  humps 
on  the  low-energy  side  are  displayed.  (The 
position  of  the  main  :tdr,/2  peak  is  783. :t  eV. 
practically  the  same  as  that  for  the  hulk  BaF2 
film.)  The  humps  on  the  low-energy  side  of  the 
peaks  are  indications  of  the  existence  of  an 
additional  state  or  states. 

Attempts  to  identify  the  chemical  state(s) 
included  heat  treating  the  de|)osited  films, 
(airve  (h)  of  Figure  3  shows  a  result  of  such 
treatment.  It  is  clear  that  after  heating  for  two 
hours  at  the  deposition  temperature,  the  (luo- 
rine  signal  is  gone.  This  implies  that  the  BaF2 
film  is  being  converted  to  a  different  com¬ 
pound  at  this  temperature,  one  which  contains 
Ba  and  vSi  only.  This  will  he  discu.ssed  in 
detail  in  the  following  .section. 


Barium  Silicide  Film 

Evolution  of  Surface  (diemistry 

As  mentioned  above,  epitaxial  [1  Ill-oriented 
films  of  BaF2  have  been  reported  to  grow  suc- 
ce.ssfully  both  on  1 1()()|-  and  (111 |-oriented  Si 
.substrates  despite  large  dispariti(!s  in  both  lattice 
spacing  and  t:ry.stal  orientation.  The  mechanism 
involved  was  not  fully  understood  at  the  time. 
For  these  earlier  growth  .studi»!s,  tin;  (hiposition 
rates  w(?re  in  the;  vicinity  of  1  pm/hr.  These 
rates  w(;re  more  than  a  thousand  tinms  hightir 
than  used  in  this  study.  We  surmised  that  their 
high  growth  rates  tend  to  mask  the  interaction 
at  the  Si  surface;.  In  the;  current  inv(;.stigation. 
w«;  were;  able  to  track  the  growth  of  films,  espe;- 
cially  during  the;  first  f»;w  monolayers  of  depo¬ 
sition.  by  reducing  the  BaF2  flux  drastically. 

In  the  previous  .section,  we  demonstrated 
that  the;  surface  chemical  reaction  between  the 
Si  substrate;  anel  the;  ele;pe)site;el  BiiF2  re;sidte;el  in 
a  seirfae:e;  lave;r  maele;  eip  of  a  mixteire  e)f  Bal^ 
anel  at  le;a.st  erne  e)the;r  e:ompe)unel.  met  yet  iele;n- 
tifie;el.  Further  e;viele;ne;e;  is  pre)viele;d  by  the; 
re;sedt  eef  a  .she)rte;r  he;at  tre;atme;nt  (i.e;..  Ie;ss  than 
the;  twe)  hemrs  u.se;el  for  the;  spe;cime;n  e)f  (lurve; 
(h)  in  Figure  3).  Figure;  3  shows  the;  Ba  3elr,/2 
iinel  3el  ,/2  spe;e;tra  e)f  a  film  e)f  five;-minute;  eie;pe)- 
sitie)!!.  anel  thee.se  of  the;  same;  film  afle;r  being 
heateel  at  the  elepe)sitie)n  temperature;  feer  4.3 
minute;s.  If  is  eehvieens  that  the;  tre;atm(;nt 


re;sidte;d  in  a  reeluctieen  e)f  the  magnituele  of  the; 
signal,  partially  due;  te)  the  re-evapeeratieen  of  the 
deposile;d  BaF2.  It  is  alse;  eehvieeus  that  the 
pc;aks  hee;ame  sharper  and  shifted  teeward  le)wer 
eimrgiejs.  In  fae:t,  the  positions  of  the;.se  pe;ak,s 
remaiimd  essentially  the;  same  upon  furfhe;r 
heeating  at  the  same  tempeerature,  elemeenstrating 
that  this  as-ye;t-unidentifie;el  e;hemie;al  e;an  exist 
in  a  stable  state.  Ev'en  the)ugh  we  t:anne)t  estab¬ 
lish  the  e;omposition  of  this  che;mical  state;,  we; 
bclitwe  it  involves  the  elements  Ba  anel  .Si  only, 
since  fluorine  is  no  leenger  pre;,sent  afte;r  he;at 
iri;atmenl  at  this  temperature,  as  shown  by 
Curve  (h)  in  Figure  3.  This  e;onclusie)n  is  alse; 
supporte;d  by  the  ceeneairrent  shift  in  the  XFS 
spectrum  e)f  the  Si  2p;,/2.i/2  le;ve;l  (the  .Si  2p;,/2 
and  2pi/2  levels  art;  unresolved,  hence  the  e;om- 
bine;d  designation)  to  a  leiwer  energy,  show'ii  in 
Figure  6.  This  shift  is  eamsistent  with  the  inter- 
predation  of  the  formation  of  a  Ba-Si  bond,  simi¬ 
lar  te)  the  (]a-.Si  bond  reported  by  Olmstesd  ed 
al.’  *  For  lae;k  of  a  hette;r  name,  we  refer  to  this 
chemie:al  as  a  barium  silieade.  eer  Ba-.Si.  The  Ba 


Figure  5.  The;  e:hange;  in  the;  Ba  3dr,/2  (left)  anel 
,3d  1/2  spe;e;lra  after  he;ating  a  film  eef  .3-minnte; 
de;po.sition  at  the;  ele;pe)sitie)n  temperature;  e)f 
7.30(:. 
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Figure  6.  ,Spe;e:tra  e)f  the;  Si  2p  ,/2,i/2  le;vel  feer  the; 
.same;  spe;e:ime;n  as  Figure;  .3. 
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Figure  7.  Profile  of  elemental  composition  as 
function  of  deposition  time. 


Figure  8.  Fit  to  the  Ba  spectrum  of  a  film 
of  10-minute  deposition,  using  the  two  compo¬ 
nent  Gaussians  specified  in  the  text. 

3d5/2  peak  of  this  state  can  be  represented  by  a 
Gaussian  profile  at  781.46  eV  with  an  FWHM  of 
0.85  eV. 

Once  the  stable  characteristic  of  the  Ba-Si 
state  is  established,  the  character  of  a  deposited 
film  can  be  described  by  a  combination  of  the 
BaF2  and  the  Ba-Si  states.  The  relative  abun¬ 
dance  of  these  two  states  varies  with  the  depo¬ 
sition  time.  At  shorter  times,  the  deposited 
film  is  composed  of  both  BaF2  and  Ba-Si.  As 
deposition  time  increases,  the  top  surface  of  the 
specimen  becomes  dominated  by  pure  BaF2. 
This  is  supported  by  an  atomic  concentration 
analysis  using  the  method  of  Scofield  cross  sec¬ 
tions.’  The  result  is  shown  in  Figure  7.  It  is 
seen  that  the  ratio  of  F  to  Ba  goes  from  about 
1/4  at  1-minute  deposition  to  3/2  at  10-minute 
deposition.  After  60  minutes  of  deposition,  the 
ratio  was  found  to  be  two. 

Further  support  for  the  evolution  of  the  sur¬ 
face  chemistry  can  be  obtained  by  numerical 
analysis  of  the  XPS  data.  For  example,  the 
Ba3d5/2  spectra  for  films  of  deposition  times 


larger  than  10  minutes  could  be  fitted,  to 
within  the  experimental  uncertainty  of  0.1  eV, 
with  the  two  Gaussians  mentioned  above:  (1) 
one  pertaining  to  the  BaF2  state  at  783.4  eV 
with  an  FWHM  of  0.90  eV  and  (2)  one  to  the 
Ba-Si  state  at  781.46  eV  with  an  FWHM  of 
0.85  eV.  Figures  8  and  9  show  the  excellent 
fits  for  films  of  10-  and  20-minute  deposition 
times,  respectively.  It  is  important  to  mention 
that  the  only  adjustable  parameters  in  these  fits 
were  the  magnitudes  of  the  two  component 
Gaussians.  These  fits  strongly  support  the  con¬ 
clusion  that  the  deposited  BaF2  layer  undergoes 
a  chemical  reaction,  resulting  in  a  mixture  of 
the  BaF2  state  and  a  Ba-Si  state.  It  should  be 
emphasized  again  that  this  interfacial  chem¬ 
istry  is  independent  of  substrate  orientation; 
these  results  were  identical  for  both  [111]-  and 
[lOOj-oriented  silicon  substrates. 


Preparation  of  the  Ba-Si  Buffer 

The  existence  of  definitive  and  distinct  BaF2 
and  Ba-Si  states  points  to  the  premise  that  a  Ba- 
Si  layer  provides  a  buffer  for  the  growth  of  the 
BaF2  on  the  Si  surface.  This  is  supported  by 
tbe  results  of  a  film  grown  in  two  stages.  First, 
a  deposition  of  BaF2  was  carried  out  for  five 
minutes.  The  film  was  cooled  down  to  room 
temperature  and  reheated  to  750°C.  Then  an 
additional  deposition  of  five  minutes  was  car¬ 
ried  out.  Figure  10  shows  the  XPS  spectrum  of 
this  two-layer  film.  For  comparison,  the  spec¬ 
trum  of  a  film  with  a  10-minute  continuous 
deposition  is  also  shown.  The  clearly  distin¬ 
guishable  double  peaks  displayed  by  the  two- 
layer  film  attest  further  to  the  existence  of  two 
distinct  chemical  states.  Furthermore,  a  simple 
superposition  of  this  figure  and  Figure  8  reveals 
that  the  positions  of  the  peaks  for  the  two-layer 


Figure  9.  Gaussian  fit  to  the  Ba  3d5/2  spectrum 
of  film  of  20-minute  deposition.  The  spectrum 
is  shifted  toward  a  higher  energy  due  to  the 
effect  of  charging. 
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Figure  10.  The  Ba  3d5/2  spectra  of  a  film  with 
two  5-minute  depositions  interrupted  hy  cool¬ 
ing  down  from  and  heating  up  again  to  the 
deposition  temperature,  and  a  film  with  a  con¬ 
tinuous  10-minute  deposition. 

film,  to  within  the  experimental  uncertainty  of 
0.1  eV,  are  the  same  as  those  of  the  two  Gauss¬ 
ian  components  for  the  film  of  10-minute  depo¬ 
sition.  Therefore,  it  can  be  inferred  that  the  Ba- 
Si  interfacial  compound  actually  exists  as  a 
separate  and  somewhat  distinct  layer.  This 
layer  then  serves  as  a  buffer  for  the  subsequent 
growth  of  epitaxial  BaF2.  Also,  this  buffer 
layer  is  stable  during  the  heating  and  cooling 
cycle. 

A  further  test  of  this  premise  was  carried  out 
by  first  annealing  a  deposited  film  and  heating 
it  at  750®C  until  its  surface  displayed  only  the 
“silicide"  characteristics.  Then  a  BaF2  deposi¬ 
tion  was  done  at  550®C.  The  resultant  film  was 
not  as  uniform  as  the  BaF2  films  grown  at 
750°C:  but  large  areas  with  excellent  film  qual¬ 
ity  were  found  as  determined  by  the  clean 
RHEED  pattern  with  well  defined  lines  exhibit¬ 
ing  only  faint  hints  of  rings.  Subsequently, 
some  effort  was  spent  on  the  preparation  of  this 
buffer  for  investigating  its  potential  for  the 
growth  of  other  materials.  The  following  is  a 
description  of  a  procedure  by  which  an  Si  sub¬ 
strate  with  a  thin  Ba-Si  buffer  layer  was  made. 

This  procedure  essentially  consisted  of 
depositing  a  layer  of  BaF2  and  then  heat  treat¬ 
ing  the  wafers  in  situ.  The  important  indicator 
is  the  surface  chemistry,  which  was  monitored 
with  XPS  analysis.  The  Ba-Si  was  considered 
satisfactory  when  there  were  no  further  shifts 
in  the  Ba  and  the  Si  XPS  spectra.  This  should 
also  be  accompanied  by  the  ab-sence  of  any  flu¬ 
orine  signal. 

RHEED  measurements  on  this  buffer  surface 
showed  distinct  streaks.  However,  the  patterns 
were  very  complex,  suggesting  a  complex 
crystal  .structure.  In  addition,  since  the  Ba-Si 
layer  was  very  thin,  it  is  likely  that  interference 
from  the  underlying  Si  wafer  also  affected  the 


diffraction  pattern.  A  detailed  analysis  of  the 
RHEED  pattern  is  beyond  the  scope  of  the  pre¬ 
sent  investigation,  and  was  not  carried  out. 

Lead  Telluride  Film 

Deposition 

The  PbTe  was  deposited  in  another  growth 
chamber  (VG80H).  The  wafers  were  standard 
3-inch-diameter  commercial  Si  stock,  with  a 
Ba-Si  buffer  prepared  by  the  method  described 
above.  The  base  pressure  of  the  chamber  was 
<210  ”  mbar  before  the  substrates  and  the  K- 
cells  were  heated.  During  growth,  the  pressure 
of  the  chamber  was  -110  ®  mbar.  A  RHEED 
gun  was  used  to  monitor  in  situ  the  crystal 
quality  of  the  layers  being  grown.  The  sub¬ 
strate  temperature  of  the  PbTe  films  was  usu¬ 
ally  ~450°C.  Since  the  pressure  during  transfer 
of  the  substrate  from  the  VG80M  chamber  was 
less  than  2- 10'^”  mbar,  no  outgassing  was  car¬ 
ried  out  before  PbTe  deposition.  The  growth 
rate  was  -0.3  pm  per  hour.  A  flux  of  atomic  Te 
from  a  cracker  cell  was  used  to  compensate  for 
the  slight  dissociation  of  the  PbTe  molecules. 
This  is  a  commonly  adopted  procedure  for  the 
MBE  growth  of  the  Te-containing  IV-VI  com¬ 
pounds.  This  Te  flux  is  three  orders  of  magni¬ 
tude  lower  than  the  PbTe  flux.  The  substrate 
was  rotated  at  -0.5  revolution  per  second  dur¬ 
ing  growth.  For  investigation  of  the  surface 
chemistry,  growths  at  other  substrate  tempera¬ 
tures  were  conducted,  usually  between  400°C 
and  500°C. 


PbTe/Ba-Si  Interface  Analysis 

XPS  analysis  was  again  done  with  a  VG 
Model  CLAM-100  electron  energy  analyzer 
using  the  A1  Ka  line  for  excitation.  The  elec¬ 
tron  energy  analyzer  was  used  in  the  constant- 
pass-energy  mode  with  a  pass  energy  of  10.0  V 
and  a  resolution  limit  of  1.06  eV.  Figure  11 
shows  a  wide-scan  spectrum  after  a  3-minute 
deposition  at  500°C.  For  comparison,  a  scan  of 
the  Ba-Si  surface  is  included.  It  is  clear  that  Te 
is  present  at  the  surface,  as  are  Ba  and  Si.  The 
thickness  of  this  surface  layer  could  not  be 
determined:  it  is  very  likely  that  the  coverage 
was  on  the  order  of  one  monolayer.  Qualita¬ 
tively,  it  can  be  established  that  the  position  of 
the  Te  3d5/2  level  was  higher  than  that  of  the 
Te  3d5/2  level  found  in  bulk  PbTe.  Shifts  in  the 
Ba  and  Si  levels  relative  to  those  on  the  Ba-Si 
surface  were  also  observed.  Only  an  extremely 
low  Pb  signal  was  observed,  indicating  that 
there  was  very  little  PbTe  deposited.  This  is 
consistent  with  our  observation  that  PbTe 
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grows  al  progressively  lower  rates  as  the 
temperature  approaches  500°C.  It  is  likely  that 
the  rhTe  molecules  have  largely  decomposed  at 
500°C.  and  Te  is  left  behind.  It  is  important  to 
note  that  during  deposition,  the  atomic  Te  flux 
was  three  orders  of  magnitude  lower  than  the 
PbTe  flux,  and  is  not  considered  responsible  fur 
the  observed  Te  signal.  The  Te  from  the  PbTe 
decomposition  then  reacted  with  either  the  Be. 
or  the  Si  on  the  Ba-Si  surface,  as  shifts  in  the  Ba 
and  the  Si  levels  were  also  observed  at  the 
same  time. 

Even  though  we  cannot  determine  the  exact 
chemical  nature  of  this  Te  compound  from  the 
result  of  the  ,‘jOO°C  deposition,  we  believe  that 
it  represents  a  stable  surface  state.  This  is  sup¬ 
ported  by  XPS  analysis  of  depositions  at  lower 
temperatures;  in  general,  chemical  shifts  at  the 
interface  between  PbTe  and  Ba-Si  were  also 


Figure  11.  The  wide-.scan  spectra  of  (a)  a  Ba-Si 
surface  and  (b)  the  .same  surface  after  a  3- 
minute  PbTe  deposition  at  .500‘^C. 
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Figure  12.  The  Te  3(b,/2  s|)eclrum  of  a  fihn  of 
one-mimile  Pb  Te  deposition  al  4.30  ('„  The  two 
main  Lorent/.ian  profiles  for  filling  the  data  are 
shown.  Al.so  shown  is  the  low-energv  tail  of 
the  'I’e  3d  ,/2  level,  which  is  inch'  led  to  account 
for  the  high-energy  side  of  the  3(h,/2  peak. 


observed  at  deposition  temperatures  below 
500°C.  For  example,  at  4.50’C.  the  Te  3dr,/2 
peak  position  shifted  toward  lower  energy  with 
deposition  time.  At  certain  combinations  of 
deposition  temperature  and  time,  two  distinct 
peaks  could  be  .seen. 

In  order  to  establish  a  basis  for  quantitative 
analysis  of  the  XPS  spec:tra,  we  took  the  Te 
3d5/2  spectrum  of  a  film  of  three-minute  depo¬ 
sition  at  .300°C  as  representative  of  the  interfa¬ 
cial  Te  state.  (It  should  be  pointed  out  that  for 
this  deposition  time  of  three  minutes,  the  Pb 
signal  was  still  absent.)  This  spec;trum  turned 
out  to  fit  a  Lorentzian  profile  at  a  mean  energv 
of  .372.78  eV  with  an  FVVHM  of  1.28  eV.  We  " 
also  took  the  Te  3d5/2  spectrum  of  a  thick 
(=  1  pm)  PbTe  film  as  representative  of  a  true 
PbTe  state,  which  could  be  fitted  to  a 
Lorentzian  al  a  mean  energy  of  571.82  eV 
with  an  FWHM  of  1.28  eV.  The  Te  3dr,/2  spec¬ 
trum  of  films  of  other  deposition  conditions 
can  then  he  fitted  to  a  combination  of  these  tw'o 
Lorenizians.  An  example,  the  spectrum  for  a 
film  deposited  at  450°C  for  one  minute,  is  given 
in  Figure  12.  The  good  quality  of  these  numeri¬ 
cal  fits  to  the  XPS  spectra  suggest  that,  similar 
to  the  case  of  BaF2  on  Si.  chemical  reaction 
takes  place  at  the  PbTe/Ba-Si  interface.  Al 
higher  temperatures  (~500°C).  PbTe  was 
decomposed,  with  Te  forming  a  compound 
with  either  Ba  or  Si.  At  lower  temperatures, 
the  growth  of  the  PbTe  layer  was  preceded  by 
the  formation  of  this  compound,  similar  to  the 
case  of  the  Ba-Si  layer  on  the  Si  substrate  for 
growth  of  BaF2.  We  have  not  been  able  to  iden¬ 
tify  this  inlerfacial  compound  from  the  current 
results.  That  this  compound  was  formed  al 
lower  temperatures  might  he  pivotal  in  the  hel- 
eroepiiaxial  growth  of  PbTe  on  Si  surfaces.  A 
po.ssible  candidate  for  this  inlerfacial  com¬ 
pound  is  BaTe.  which  has  the  same  sodium 
chloride  (NaCl)  structure  that  PbTe  has,  and  is 
therefore  amenable  to  PbTe  growth. 


Figure  13.  Photographs  of  Ph  l'e  films  grown  on 
bare  Si  (left)  and  Ba-Si/Si  substrates. 
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It  should  he  mentioned  that  an  attempt  to 
grow  PbTe  on  Si  directly  without  a  Ba-Si  layer 
resulted  in  a  granular  film,  as  shown  on  the  left 
in  Figure  13:  this  Pb  Te  film  may  be  compared 
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with  one  grown  on  a  Ba-Si/Si  substrate,  seen  on 
the  right.  The  film  grown  directly  on  Si  peeled 
off  quite  readily  from  the  Si  wafer  even  before 
it  was  taken  out  of  the  growth  chamber.  This 
poor  adherence  of  PbTe  to  the  Si  surface  seems 
to  preclude  the  possibility  of  an  Si-Te  com¬ 
pound.  Other  candidates  may  include  more 
complex  chemicals  involving  all  three  ele¬ 
ments,  Ba,  Si,  and  Te. 


RHEED  and  X-ray  diffraction 

In  situ  RHEED  was  used  to  monitor  the  crys¬ 
tal  quality  of  the  PbTe  films.  X-ray  diffraction 
measurements  were  also  carried  out  after  film 
deposition  and  XPS  analysis.  The  PbTe  films 
demonstrated  good  crystal  quality,  as  shown  in 
Figure  14  where  the  x-ray  diffraction  spectra  of 
two  films  grown  on  Ba-Si/Si  substrates  of  dif¬ 
ferent  Si  orientations  are  displayed.  Notice 
that  the  (100)  series  of  peaks  are  pre.sent  on 
both  films  irrespective  of  the  Si  substrate  orien¬ 
tation,  and  that  no  (111)  peaks  are  evident. 

The  RHEED  patterns  also  attest  to  the  good 
long-range  ordering  of  the  PbTe  films;  an  exam¬ 
ple  is  given  in  Figure  15. 
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Figure  14.  X-ray  diffraction  for  the  Cu  Ka  lines 
of  two  PbTe  films  on  (a)  Ba-Si/Si(100)  and 
(h)  Ba-Si/Si(1 11)  substrates. 


Discussion 

We  hav(!  demonstrated  that  in  the  MBE 
deposition  of  BaF2  on  Si,  the  BaF^  molecules 
react  with  the  .Si  siirfaci;  and  establish  a  Ba-Si 
bond  at  the  interface.  The  fact  that  the  XPS 
speclriim  of  a  film  of  |)rolong(!d  heating  can  he 
filtful  with  a  single  (iaussian.  and  that  the  .s|)ec- 
Ira  of  other  films  can  he  fitted  to  a  cf)mhination 
of  this  (Iaussian  ami  one  attributable  to  BaF^. 
Iftads  to  the  conclusion  that  this  interfacial 
bond  results  in  a  single  Ba-Si  com|)ound  in- 
shsid  of  a  mixturt!  of  silicides.  A  s(!arch  of  the 


literature’'*  reveals  several  possible  candidates 
for  the  silicide.  However,  stoichiometric  analy¬ 
sis  on  the  XPS  data  for  a  Ba-Si  surface,  such  as 
that  after  prolonged  heating,  yielded  an  Si/Ba 
ratio  as  high  as  70:1.  This  value  is  much  too 
large  for  any  known  silicide.  It  is  obvious  that 
a  definitive  conclusion  on  the  nature  of  this  Ba- 
Si  compound  requires  further  investigation. 

Previously,  Olmstead  et  al.’ ’  observed 
Si(lll)  surface  reconstruction  during  the  depo¬ 
sition  of  a  similar  material,  CaF2.  In  addition, 
they  detected  bonding  between  the  Si  and  both 
the  Ca  and  the  F  atoms.  Upon  prolonged  heat¬ 
ing,  both  Ca  and  F  were  lost,  returning  the  Si 
surface  to  a  clean  state.  This  loss  of  Ca  was 
contrary  to  the  present  result  that  a  stable  Ba-Si 
state  resulted  from  a  BaF’2/Ba-Si/Si  structure 
upon  heat  treatment.  This  may  be  attributable 
to  a  different  chemistry  at  a  CaF2/Si  interface 
than  at  a  BaF2/Si  interface.  On  the  other  hand, 
even  though  Si  surface  reconstruction  might 
have  also  occurred  during  BaF2  deposition,  it  is 
unlikely  to  have  been  responsible  for  the  epi¬ 
taxial  growth  of  BaF2  on  Si.  This  is  evident 
from  the  fact  that  [lll]BaF2  growth  is  indepen¬ 
dent  of  Si  substrate  orientation.  (Furthermore, 
the  Si(lOO)  surface  should  have  no  reconstruc¬ 
tion.)  Thus,  the  interfacial  buffer  model  dis¬ 
cussed  in  the  previous  section  is  favored. 

The  thickness  of  the  Ba-Si  buffer  cannot  be 
established  directly  from  the  current  results. 
Similar  studies  of  CaF2  on  Si  growth  by 
Himpsel  et  al.’®  showed  that  at  a  thickness  of 
14  A,  the  bulk  characteristic  of  CaF2  was  estab¬ 
lished.  Our  result  on  the  two-layei  film  (Fig¬ 
ure  10)  showed  that  the  Ba-Si  signal  was  of  the 
.same  magnitude  as  the  BaF2  signal,  and  the 
BaF2  signal  had  the  same  character  as  a  bulk 
film  (i.e.,  its  spectrum  is  centered  at  the  same 
energy  as  that  of  the  bulk  BaF2  film,  781.3  eV). 
Therefore,  it  may  be  inferred  that  the  thickness 
of  the  Ba-Si  layer  is  on  the  order  of  10  A.  At 
this  thickne.ss,  the  Ba-Si  compound  should 


Figure  15.  RHEED  pattern  of  a  PbTe  fdm  on  a 
Ba-Si/.Si(100)  substrate. 
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have  bulk-like  behavior.  This  is  substantiated 
by  the  observation  that  the  peak  of  this  Ba-Si 
component  occurs  at  783.4  eV,  which  is  the 
same  as  for  the  film  after  prolonged  heating 
(Figure  3).  The  truly  surprising  result  is  that 
single  crystals  of  both  BaF2  and  PbTe  can  be 
growm  on  this  Ba-Si  buffer. 

The  deposition  of  a  single  crystalline  mater¬ 
ial  on  a  dissimilar  substrate  depends  to  a  large 
extent  on  the  lattice  match  between  the  two 
materials.  A  notable  exception  is  the  IV-Vl 
family  of  compounds  for  which  high  quality  (in 
terms  of  carrier  mobility  and  crystallinity) 
materials  can  be  grown  successfully  on  sub¬ 
strates  as  disparate  as  NaCl  and  BaF2.  It  may  be 
argued  that  the  IV-VI  semiconductors  are 
mechanically  soft  so  that  a  “self-buffer,”  highly 
strained  and  defective,  may  exist  at  the  inter¬ 
face  between  the  substrate  and  the  semiconduc¬ 
tor.  Another  exception  is  the  direct  growth  of 
[lll]BaF2  on  both  [100]-  and  [lllj-oriented  Si, 
which  may  be  facilitated  by  dipoles  on  a  trun¬ 
cated  surface.^  Nonetheless,  results  of  this 
work  and  the  observation  by  others  of  BaSe  for¬ 
mation  on  the  BaF2  surface  during  the  liquid 
phase  epitaxy  growth  of  PbSe^^  and  after  expo¬ 
sure  to  Se  vapor^^  strongly  suggest  that  interfa- 
clal  chemical  reaction  is  an  important  factor  to 
be  considered. 

Our  results  also  suggest  that  competition 
between  the  atomic  species  at  the  interfaces 
may  be  important,  such  as  the  competition  for 
the  Ba  between  the  Si  and  the  F  at  the  BaF2/Si 
interface.  In  the  case  of  the  PbTe/Ba-Si  inter¬ 
face.  there  is  also  apparent  competition 
between  either  the  Ba  or  the  Si  for  the  Te.  The 
character  of  the  interfacial  layer  and  the  quality 
of  the  top  layer  subsequently  formed  are 
affected  by  this  competition.  This  is  attested  to 
by  the  difference  between  the  two  films 
depicted  in  Figure  13. 

The  beneficial  effect  of  an  interfacial  chemi¬ 
cal  layer  was  demonstrated  by  the  surprising 
resistance  of  the  PbTe/Ba-Si/Si  heterostructure 
to  thermal  shock.  A  wafer  with  this  hetero¬ 
structure  was  subjected  to  severe  thermal 
cycling:  heating  on  a  hot  plate  at  250°C  and 
then  immediate  immersion  in  a  liquid  nitrogen 
bath.  Even  after  20  cycles,  the  film  did  not 
.show  any  visible  peeling  or  cracking.  In  addi¬ 
tion.  x-ray  diffraction  measurements  showed 
practically  no  difference  in  the  spectra  (peak 
positions  and  P’WHMs)  before  and  after  these 
20  cycles.’" 

One  final  observation  of  these  growth 
studies  on  the  Ba-Si  buffer  is  that  the  growth 
directions  for  both  BaF2  and  PbTe  are  al.so  the 
directions  in  which  the  interatomic  distances 
have  the  longest  projections.  This  relationship 


between  the  growth  direction  and  the  inter¬ 
atomic  distance  may  provide  guidance  in 
understanding  nucleation  and  bonding  between 
dissimilar  materials. 


Conclusion 

The  results  obtained  in  this  work  suggest 
that  more  materials  can  be  deposited  on  silicon 
than  previously  envisioned.  We  have  demon¬ 
strated  that  large-area,  single-crystalline  films, 
with  lattice  constants  larger  than  that  of  Si  by 
more  than  ~0.8  A,  can  be  deposited  on  Si  sur¬ 
faces.  This  is  of  obvious  technological  impor¬ 
tance,  as  one  can  now  envision  a  large  variety 
of  materials  that  may  be  fabricated  on  silicon 
wafers,  thus  enabling  the  integration  of  other 
semiconductor  technologies  with  that  of  Si. 

The  results  also  suggest  that,  by  making  use  of 
solid-phase  reactions  at  interfaces,  films  of 
other  metal  silicides  can  be  made  by  the  depo¬ 
sition  of  reactive  compounds  instead  of  the 
pure  metals,  as  is  commonly  done.  Possibili¬ 
ties  include  the  transition  metal  silicides,  such 
as  NiSi2  and  CoSi2.  which  are  of  interest  to  the 
electronic  industry.  Another  silicide  of  interest 
is  Mg2Si,  which  is  a  potential  substrate  material 
for  infrared  semiconductors  because  of  its  large 
(~6..5  A)  lattice  constant. 

The  truly  unexpected  result  of  this  investiga¬ 
tion  is  that  the  Ba-Si  buffer  layer  can  facilitate 
the  epitaxial  growth  of  both  an  insulator  such 
as  BaF2  and  a  semiconductor  such  as  PbTe  on 
standard  Si  wafers.  It  may  be  argued,  as  was 
done  above  for  this  particular  case,  that  the  Ba 
provides  the  chemical  “link”  between  the  Si 
surface  and  the  deposited  layers.  If  this  chemi¬ 
cal  link  picture  is  appropriate,  then  the  current 
results  suggest  a  vast  potential  for  heteroepi¬ 
taxy  between  materials  that  can  react  with  a 
third  material  to  form  compounds  that  can 
serve  as  beneficial  interfacial  layers.  It  may  be 
argued  further  that  such  reactions  can  occur 
only  under  an  ultrahigh  vacuum  environment. 
Under  such  a  contamination-free  condition,  the 
po.ssible  interference  and  competition  from  the 
ubiquitous  oxygen,  and  perhaps  from  other 
reactants,  may  no  longer  be  operative. 

Irrespective  of  the  true  reason  for  its  success, 
we  have  demonstrated  that  a  new  artificially 
structured  material  consisting  of  a  thin  Ba-Si 
compound  on  top  of  an  Si  wafer  can  be  a  very 
desirable  substrate  for  the  growth  of  single 
crystalline  PbTe  films.  Since  PbTe  and  its 
alloys  with  SnTe  form  a  complete  material  sys¬ 
tem  for  infrared  detectors,  this  discovery  im¬ 
plies  a  promising  potential  for  infrared  detector 
focal-plane-array  technology.  For  example. 
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advantage  can  now  be  taken  of  production 
methods  designed  for  large-area  Si  wafers. 

More  important,  a  truly  monolithic  array  with 
full  integration  of  the  detectors  and  the  signal 
processing  circuitry  on  a  single  chip  is  now  a 
possibility. 

The  infrared  technology  based  on  HgCdTe, 
which  is  the  technology  adopted  in  Department 
of  Defense  (DoD)  systems,  is  at  an  advanced 
.stage  of  development.  In  this  technology,  bulk 
CdTe  crystals  are  usually  used  as  substrates  for 
the  HgCdTe  alloys.  Large-area  CdTe  substrates 
are  expensive  and  cannot  be  truly  integrated 
with  Si.  It  is  therefore  advisable  to  explore  the 
feasibility  of  the  growth  of  CdTe  on  the  Ba- 
Si/Si  substrates.  Even  though  the  zinc  blende 
structure  of  CdTe  is  different  from  the  NaCl  lat¬ 
tice  of  PbTe,  its  lattice  constant  is  only  0.3  per¬ 
cent  larger  than  that  of  PbTe.  In  addition,  it  is 
not  inconceivable  that  an  interfacial  chemistry 
involving  the  elements  Ba,  Si,  Cd,  and  Te  may 
also  be  operative  at  the  interface.  Thus,  the 
deposition  of  single-crystalline  CdTe  and  other 
ITVI  compounds  and  alloys  on  the  Ba-Si/Si 
substrates  is  a  distinct  possibility.  Based  on 
the  discussion  given  above,  CdTe  should  grow 
in  the  [111]  direction  on  Ba-Si/Si  substrates. 
Since  the  (111)  surface  of  CdTe  is  desirable  for 
detector  fabrication,  the  successful  growth  of 
CdTe  should  have  an  important  impact  on 
infrared  technology  for  Navy  as  well  as  DoD 
applications.  Such  studies  have  been  initiated. 
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Active  Thermal  Control  With  Liquid 
Crystal  Heat  Valves 

J.  W.  Rish,  in,  and  C.  N.  Pham 


A  liquid  crystal  heat  valve  (LCHV)  is  a  device  that  utilizes  the 
convective  flow  instabilities  induced  by  the  interaction  of  an  ac 
electric  field  with  certain  nematic  liquid  crystals  to  enhance  the 
flow  of  heat  between  two  boundaries.  The  thermal  transport  char¬ 
acteristics  of  the  LCHV  are  governed  primarily  by  the  amplitude 
and  frequency  of  the  applied  field,  the  thermophysical  and  electri¬ 
cal  properties  of  the  liquid  crystal  at  operating  temperature,  and 
the  concentration  of  impurity  ions  in  the  liquid  crystal.  Initial 
investigations  made  use  of  the  liquid  crystal  [p-methoxybenzili- 
dene  p-(n-butyl)  aniline]  orMBBA.  Subsequent  studies  utilized  the 
liquid  crystals  TN-3252  and  TN-6459,  since  these  compounds  have 
greater  chemical  stability  and  a  wider  range  of  operating  tempera¬ 
tures  than  does  MBBA.  A  conducting  salt  material.  ZLI-235.  w'as 
used  as  a  dopant.  Thermal  conductivity  of  liquid  crystal  increased 
significantly  after  doping.  The  LCHV  is  being  developed  for  use  in 
insulated  diving  suits  to  reduce  heat  stress  and  to  increase  mission 
duration  for  divers  in  the  cold  water  environment. 


Introduction 

Diver  thermal  protection  is  a  subject  of  continuous  concern  to  the  U.S. 

Navy.  An  endless  assortment  of  missions  and  mission  variants  requires  divers 
to  be  able  to  function  in  underwater  environments  with  temperatures  ranging 
from  29°F  to  85°F.  Standard  thermal  protective  gear  for  non-surface-supplied 
divers  on  underwater  breathing  apparatus  includes  a  variety  of  neoprene  wet 
suits  and  several  different  types  of  dry  suits.  Very  cold  water  missions  gener¬ 
ally  require  thermal  protection  in  the  form  of  dry  suits  with  thinsulate  under¬ 
garments.  The  thinsulate  undergarments  can  be  obtained  in  several  weights 
(heavier  weights  are  associated  with  increased  insulation  value),  and  the 
undergarments  are  selected  on  the  basis  of  estimated  mission  duration,  water 
temperature,  and  diver  experience.  Mission  durations  vary  from  several  min¬ 
utes  to  several  hours,  and  work  levels  range  from  light  to  heavy. 

Many  of  the  longer  missions  dictate  that  the  divers  endure  long  periods  of 
dormancy  and  then  engage  in  relatively  strenuous  activity  for  short  periods  of 
time.  In  these  situations  the  divers  are  subject  to  physiological  stress  on  both 
ends  of  the  thermal  scale.  In  very  cold  water,  the  inactive  diver  is  in  danger  of 
hypothermia  unless  equipped  with  adequate  thermal  insulation.  However, 
once  the  diver  becomes  active,  the  heavy  insulation  required  to  keep  warm 
while  at  rest  can  cause  the  diver  to  overheat.  In  some  instances,  divers  have 
been  reported  to  flood  their  dry  suits,  with  dire  consequences. 

One  way  to  mitigate  the  heat  load/cnvironmental  adaptability  limitations  of 
a  standard  insulation  configuration  in  cold  environments  is  to  insulate  a  diver 
sufficiently  for  periods  of  inaction,  and  to  provide  an  outlet  (valve)  for  excess 
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heat  during  periods  of  heavy  work.  This 
approach  effectively  creates  a  “variable  thermal 
conductivity”  or  “variahle-k”  insulation  that 
will  protect  a  diver  against  overheating,  hut 
wilt  maintain  near-optimum  temperature  dur¬ 
ing  low-load  situations.  Heat  pipes  and  phase- 
change  materials  (PCMs)  are  two  conventional 
ways  to  approach  this  problem,  but  each 
approach  has  limitations,  depending  on  the 
application. 

The  LCHV  is  a  novel  technology  that  has  the 
potential  to  accomplish  the  variable-k  objective 
in  situations  where  heat  pipes  and  PCMs  may 
not  be  practical.  This  study  examines  the 
feasibility  of  using  liquid  crystal  heat  valves  for 
applications  involving  active  thermal  control 
for  divers  in  cold  water  environments  where 
both  hypothermia  and  hyperthermia  present 
problems.  The  LCHV  capitalizes  on  the 
electromagnetic  and  viscoelastic  properties  of 
liquid  crystals  to  selectively  augment  the  flow 
of  heat  between  two  surfaces.  Nematic  liquid 
crystals  that  have  nematic-isotropic  (N-I)  transi¬ 
tion  temperatures  well  above  the  operating  tem¬ 
perature  of  a  system  are  the  preferred  active 
materials.  An  active  LCHV  consists  of  a  nemat¬ 
ic  liquid  crystal  in  a  chemically  neutral  con¬ 
tainer  sandwiched  between  two  electrodes,  as 
shown  in  Figure  1.  The  basis  of  operation  is 
the  electrohydrodynamic  (EHD)  motion  that  is 
induced  in  nematic  liquid  crystals  with  small 
negative  dielectric  anisotropy,  Ae  =  e|j  -  <  0, 

and  positive  electrical  conductivity  anisotropy. 
Act  =  <T||  -  <Tx  >  0,  when  an  ac  electric  field  is 
applied  between  the  electrodes.  If  a  tempera¬ 
ture  gradient  exists  across  the  heat  valve,  the 
induced  EHD  motion  or  flow  in  the  liquid  crys¬ 
tal  substantially  increases  the  effective  heat 
transfer  between  the  hot  and  cold  boundaries. 
When  the  field  is  turned  off,  the  flow  ceases 
and  the  LCHV  becomes  a  thermal  insulator. 


Protective  High-k  Dielectric 


Figure  1.  Liquid  crystal  heat  valve  configura¬ 
tion. 


A  number  of  material  properties  affect  the 
performance  of  LCHVs.  Among  these  are  vis¬ 


cosity,  intrinsic  thermal  conductivity,  electrical 
conductivity/resistivity,  dielectric  anisotropy, 
and  nematic  range.  For  example,  the  selection 
of  a  material  with  a  slight  negative  dielectric 
anisotropy  ensures  that  the  device  can  be 
placed  in  its  most  insulating  mode  (the  mole¬ 
cules'  preferred  orientation  is  with  the  long 
axis  perpendicular  to  the  E-field)  by  realign¬ 
ment  of  the  molecules.  Chemical  stability  for 
long  periods  of  time  is  also  important. 

The  subject  of  this  paper  is  the  experimental 
determination  of  the  heat  transfer  c:haracteris- 
tics  of  two  liquid  crystals  currently  under  con¬ 
sideration  for  LCHV  applications.  The  experi¬ 
mental  results  are  compared  to  earlier  results 
using  the  liquid  crystal  [p-methoxybenzilidene 
p-(n-butyl)aniline],  MBBA.^'^  The  two  liquid 
crystals  were  selected  from  a  number  of  com¬ 
mercially  available  options  based  on  their  low 
viscosity,  dielectric  anisotropy,  and  chemical 
stability.  They  should  be  near-optimum  for 
LCHV  applications  in  the  temperature  range  of 
interest  (-2°C  to  40°C). 


Background 

The  potential  use  of  a  liquid  cry.stal  device 
for  active  thermal  control  was  first  proposed  in 
the  early  1980s  by  Carr.^  **  Carr  used  a  simple 
experiment  in  which  a  bulk  sample  of  the  liq¬ 
uid  crystal  MBBA  was  placed  under  a  tempera¬ 
ture  gradient  between  two  electrodes.  A  sub¬ 
stantial  increase  in  heal  transfer  between  the 
hot  and  cold  boundaries  took  place  when  a  dc 
field  was  applied.  Carr's  observations  indicat¬ 
ed  that  the  heat  transfer  enhancement  was 
field-dependent  and  suggested  an  E^  relation¬ 
ship.  A  follow-up  paper  by  Hwalek  and  Carr'’ 
provided  quantitative  measurements  on  MBBA 
in  a  dc  field  that  showed  a  factor  of  25  increase 
in  heat  transfer  and  suggested  that  a  factor  of 
100  increase  might  be  possible. 

The  most  plausible  physical  mechanism  for 
the  EHD  motion  in  the  liquid  crystal  that 
enables  the  operation  of  the  liquid  crystal  heat 
valve  is  the  Carr-Helfrich  model.*’  According  to 
this  model,  the  anisotropy  of  electrical  conduc¬ 
tivity  in  the  liquid  crystal  and  the  presence  of 
ionic  impurities  give  rise  to  the  formation  of 
space  charges  when  an  ac  electric  field  is 
applied.  The  charges  separate  and  the  field 
exerts  forces  on  the  charges,  which  then  trans¬ 
mit  these  forces  to  the  liquid  crystal  molecules. 
The  molecules  are  thus  forced  into  motion,  but 
because  of  their  alignment,  the  motion  tends  to 
occur  as  a  shear  flow  along  planes  parallel  to 
the  long  axis  of  the  molecules.  Flow  cells  ulti¬ 
mately  form  that  are  internally  bounded  by 
“defects”  or  “walls"  normal  to  the  planes  of  the 
electrodes.  Below  some  critical  frequency,  the 
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motion  of  the  space  charges  can  follow  the 
field.  In  thin  cells  (d  <  100pm)  and  relatively 
low  field  strengths,  the  flows  form  striated  pat¬ 
terns  known  as  Williams  domains.  At  frequen¬ 
cies  greater  than  the  critical  frequency,  the 
space  charges  cannot  follow  the  field,  and  the 
motion  is  associated  with  angular  oscillations 
of  the  molecules.  In  thick  cells  (bulk  samples) 
and  high  field  strengths,  the  EHD  motion  actu¬ 
ally  becomes  turbulent,  and  the  characteriza¬ 
tions  developed  for  thin  cells  may  not  be 
directly  applicable. 

More  recent  experimental  work^'^  used  the 
liquid  crystal  MBBA  as  the  active  medium  to 
obtain  more  detailed  information  on  the  heat 
transfer  characteristics  of  room-temperature 
nematics.  Those  results  showed  the  heat  trans¬ 
fer  enhancement  could  be  expressed  in  terms  of 
an  “effective"  thermal  conductivity,  L,,  of  the 
liquid  crystal.  This  effective  thermal  conduc¬ 
tivity  is  a  function  of  the  electrical  conductivity 
(governed  by  the  concentration  of  impurity 
ions),  the  strength  of  the  applied  field,  the  fre¬ 
quency  of  the  applied  field,  viscosity,  and 
temperature.  For  all  other  parameters  fixed,  k^ 
increa.sed  linearly  with  the  square  of  the 
applied  voltage.  The  results  also  showed  that 
there  is  an  optimum  operating  frequency,  i,e.,  a 
frequency  at  which  the  measured  “effective” 
thermal  conductivity  is  a  maximum.  The  opti¬ 
mum  frequency  was  found  to  decrease  with 
temperature,  indicating  that  viscosity  affects 
performance. 

The  liquid  crystal  MBBA  was  used  in  the 
above  study  becau.se  it  was  the  only  room- 
temperature  nematic  with  wel!-d«cumented 
thermophysical  properties:  however,  it  is  not 
an  appropriate  choice  for  a  functional  device, 
since  it  is  a  Schiff's  base  material,  and  thus  .sub¬ 
ject  to  hydrolysis  reactions.^  A  more  stable  liq¬ 
uid  crystal  material  is  needed  for  an  opera¬ 
tional  LCHV. 


Liquid  Crystal  Selection 

Liquid  crystal  heat  valves  for  cold-water  div¬ 
ing  applications  require  low-viscosity  liquid 
crystals  with  a  slightly  negative  dielectric 
anisotropy  and  a  nematic  range  T[sj_n  between 
-1()°C  and  .')()°C.  Low  vi.scosity  translates  into 
lower  friction  losses  and  higher  overall  efficien¬ 
cy.  Furthermore,  the  liquid  crystal  should  have 
good  long-term  chemical  stability  characteri.s- 
tics.  Specific  conductivity  of  the  materials  is 
not  an  overriding  concern,  since  dopants  can  be 
added  to  adjust  this  parameter  to  the  desired 
level.  The  purity  of  the  material  is  of  con¬ 
siderable  importance,  however,  because  conta¬ 
minants  tend  to  alter  dramatically  the  specific 
conductivity  of  the.se  materials  in  an  unpredic¬ 
table  fashion. 


A  goal  of  the  current  study  was  to  identify 
suitable  liquid  crystals  for  heat  valve  applica¬ 
tions.  and  to  determine  the  heat  transport 
characteristics  of  these  substances.  A  survey  of 
the  marketing  literature  produced  several 
candidate  liquid  crystals  from  which  a  selec¬ 
tion  was  made  for  experimental  evaluation. 
These  materials  are  primarily  produced  and 
blended  for  the  display  industry,  and  have  been 
subjected  to  extensive  life-time  testing.  Two 
mixtures  produced  by  the  Roche  Liquid  Crystal 
Division.  TN-64.'>9  and  TN-.32.52.  were  deemed 
to  be  the  most  likely  candidates  for  the  LCHV. 
Both  of  these  materials  are  in  the  nematic  pha.se 
at  room-temperature,  with  melting  points 
below  -10°C  and  N-I  transition  points  above 
50°C.  The  “average"  room-temperature  viscosi¬ 
ties  reported  for  these  two  mixtures  were 
14.2  cP  (TN-6459)”  and  21  cP  (TN-3252),-’ 
which  is  roughly  comparable  to  that  of  MBBA. 
Thermal  conductivities  for  these  materials  were 
not  reported. 

Experimental  Methods 

Thermal  performance  characterizations  on 
the  candidate  liquid  cry.stals  were  effected  with 
the  same  instrumentation  used  in  the  earlier 
studies  on  MBBA.^'^  The  device  used  to  mea¬ 
sure  the  effective  or  “apparent”  thermal  con¬ 
ductivity  kg  is  essentially  a  cut-bar  apparatus 
with  two  ceramic  (alumina  silicate)  columns  of 
known  thermal  conductivity  (54. 7x10“*  cal/ 
(cm-.sec-°C)).  These  20-cm-iong  columns  were 
embedded  in  heavy  aluminum  blocks,  referred 
to  as  interfaces,  which  served  as  constant  tem¬ 
perature  heat  sources  or  sinks.  Type-T  ther¬ 
mocouples  were  placed  at  regularly  spaced 
intervals  to  measure  the  temperature  profiles 
on  each  column.  The  distance  between  adja¬ 
cent  thermocouples  was  reduced  on  the  por¬ 
tions  of  each  column  near  the  sample  area  to 
improve  accuracy  of  the  calculated  heat  trans¬ 
fer.  Temperature  control  in  the  upper  and 
lower  interfaces  was  achieved  by  constant 
temperature  fluid  circulators.  Channels  within 
the  aluminum  blocks  allowed  tbe  fluid  to  circu¬ 
late  through  the  interface,  maintaining  the 
desired  temperature.  The  circulators  are  capa¬ 
ble  of  .sustaining  set-point  temperature  to  with¬ 
in  ±0.02°C.  Ho.ses  connecting  the  circulators 
and  interfaces  were  insulated  to  minimize  heat 
lo.ss  or  gain. 

The  liquid  crystal  sample  container,  illus¬ 
trated  in  Figure  2.  was  constructed  of  a  thin 
(approximately  0.071-cm  wall  thickness)  cylin¬ 
drical  Teflon  shell  with  an  inner  diameter  of 
1..588  cm.  Sapphire  disks  were  used  to  cap  the 
ends  of  the  .shell,  and  a  layer  of  thermal  grease 
with  thermal  conductivity  k„  =  55x10“*  cal/(cm- 
.sec-°C)  was  placed  on  each  disk,  followed  by  a 
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Figure  2.  LxpaiKlod  vitnv  oI  iIk;  litjuid  crystal  sample  geonudrv. 


copper  electrode,  another  layer  of  grease,  and  a 
.second  .sapphire  disk.  These  sapphire  disks  are 
().056-cm  thick  with  a  diameter  of  2.223  cm. 
The  thermal  conductivity  of  these  disks  in  the 
axial  direction  is  k.j,,  =  BOOxlO"*  cal/  (cm- 
sec-°(;).  'I'he  electrodes  were  l.tl  cm  in  diame¬ 
ter  and  0.01 8-cm  thick.  The  ex|)osed  gap 
between  the  two  sapphire  disks  surrounding 
each  electrode  was  sealed  in  order  to  minimize 
the  chance  of  arcing. 

Liquid  crystal  was  transferred  to  the  .sample 
container  through  a  small  tube;  in  one  side;  of 
the  Teilon  cylinder.  The  transfer  was  executed 
in  a  vacuum  oven  at  a  t(!mp(!rature  of  ,'10  {] 
where  the  liquid  crystal  was  plactnl  under  vac¬ 
uum  for  several  hours  (usually  ov(!rnight)  to 
ensure  that  rf’sidual  moisture  was  removed. 
Upon  insertion,  the  upper  column  and  circula¬ 
tor  were  lowered  onto  the  .samph!.  and  the 
column-.sample  alignment  was  carefully 
checked.  Thermal  contact  was  maintained  by 
allowing  the  Iowct  column/sampl(!  to  su[)port 
part  of  the  weight  of  the  upimr  column/inter¬ 
face.  Thnu!  type-'l’  c:op|)er-constantan  th»?rmo- 
couples  W(;re  mounted  on  tlm  sample  just  prior 
to  insertion  to  measun;  local  temperatures,  and 
a  single  type-  T  thermocoiqrle  was  mounl(?d  on 
the  inside  rim  of  each  of  the  two  sapphire  end 
caps.  A  two-layer  th(!rmal  shield  made  of  thin 
sheet  c:opper  was  plar:«;d  around  the  columns 
and  samph?  and  attached  to  the  upper  and 
lower  constanl-temperature  interfac(*s.  The 
purpose  of  this  shield  was  to  maintain  approx¬ 
imately  the  same  thermal  gradient  as  that 
imposed  across  tin?  columns  and  .samph?.  thus 
reducing  h(?at  loss/gain  by  radiation  and  natur¬ 


al  conv(?ction.  A  large  t(?mperature-c()ntrolh?d 
staiidess  sli?(?l  vacuum  l)(?ll-jar  with  a  (lolished 
interior  was  pla(;(?fl  around  the  (?ntire  assembly 
to  i.solate.  insofar  as  possible,  the  .sample  and 
nu?asurem(?nl  (h?vice  from  the  room  thermal 
(?nvironment. 

An  HP  mo(h?l  38ri2A  data  acquisition  unit 
(DAU)  was  us(?d  to  monitor  all  thermocouiiles 
and  lht?rmistors.  and  the  experiment  was  com¬ 
pletely  automated  by  coupling  the  DAU,  cir¬ 
culators.  and  olh(?r  instruments  via  an  lKKH-488 
interfact?  bus  to  a  H(?wh?tt  Packard  901)0  .seri(?s 
comput(?r.  The  voltagt?  drop  at:ross  the  litjuid 
cryslid  was  provid(?d  by  a  hom(?-grown.  high- 
voltage  ami)lifif?r  (HVA)  capable  of  providing  a 
gain  of  almost  200:1.  A  H(?wh?lt  Packard 
function  g(?nerator  with  an  output  xoltagt? 
ain])litu(h?  rangt?  oft)  to  10  vttlts  iict(?d  as  a  sinu¬ 
soidal  driver  to  the  HVA:  thus,  tin?  sy.st(?m  was 
ctqiahh?  of  |iroducing  a  total  x'oltagt?  drop  of 
iilmost  20  kV^  across  tin?  two  i?h?ctrod(?s.  'I’ln? 
DAU  w'as  programnn?d  to  (]U(?ry  tin?  th(?rmocou- 
ples  at  regular  time  int(?rvals,  and  tin?  r(?ported 
thermocouph?  readings  repn?sent  an  int(?grated 
avt?r;ig(?  of  ,'190  inih?pt?n(h?nt  samph?,s. 

'I’ln?  efft?i:tiv(?  lln?rmal  condut:tivity  of  tin?  litp 
uid  crystiils  was  (h?t(?rmiin?d  from  tin?  m(?asun'd 
lempi?rature  dro|)  across  the  samph?  and  tin? 
ln?iit  lninsh?rn?d  at  tin?  npp(?r  and  lower  fac(?.s  of 
the  .samph?.  Tin?  heat  tran.sf(?rat  the.s*?  int(?r- 
faces  was  comput(?d  from  tin?  I(?mp«?ratun?  pro¬ 
files  nn?asnred  on  the  upp(?r  and  lower  columns 
imnn?dialely  ;nliac(?nl  to  the  sample,  assuming 
one-dimensional,  steady-state  h(?at  transfer. 

Tin?  .sam|)h?  was  always  ln?at(?d  from  the  top  to 
minimize  fr(?e  conv(?ction.  so  tin?  difh?rence 
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between  the  heat  transferred  into  the  top  face 
and  out  of  the  bottom  face  of  the  sample  repre¬ 
sents  the  sum  of  the  internal  heat  generated  by 
the  liquid  crystal  and  any  environmental  inter¬ 
actions  that  might  have  occurred  during  the 
course  of  an  experiment.  The  expression  used 
to  compute  the  effective  thermal  conductivity 
is 


^Y 


Ic 


^a  = - 


2A 


Ic 


AT 


Ic 


(1) 


where  AY|,.  is  the  lengthwise  dimension  of  the 
sample,  AT|,,  is  the  measured  temperature  drop 
across  the  sample,  is  the  heat  transfer  to  the 
upper  face,  qi  is  the  heat  transferred  out  of  the 
lower  face,  and  k,.yi  is  the  thermal  conductivity 
of  the  Teflon  shell.  (The  sign  convention 
adopted  in  the  analysis  dictates  that  qj,  and  q| 
are  negative  in  the  presence  of  a  positive  tem¬ 
perature  gradient  (AT],.  >  0),  and  ideally  I  qi  I  > 

I  qi,  I  when  there  is  internal  heat  generation.) 
The  areas  Ai^.  and  A,.y|  are  the  cross-sectional 
areas  of  the  liquid  crystal  and  the  Teflon  shell 
normal  to  the  direction  of  the  flow  of  heat.  The 
heat  generated  by  the  liquid  crystal  is  given  by 


^Ic^^lc 

The  volumetric  heat  source  term  in  Equa¬ 
tion  2  does  not  account  for  environmental 
interaction,  so  the  total  heat  generated,  Qj,  is 
obtained  by  evaluating  Equation  2  at  both  field 
and  no-field  conditions,  taking  the  difference 
and  multiplying  by  the  liquid  volume  to  yield 

^o^^ic^^ic- 

where  the  subscripts  / and  0  designate  the  field 
and  no-field  conditions,  respectively. 


Results  And  Discussion 

A  series  of  experiments  was  run  to  evaluate 
the  thermal  transport  characteri.stics  of  TN- 
6459  and  TN-3252  as  a  function  of  voltage,  fre¬ 
quency,  temperature,  and  ionic  concentration. 
These  measurements  were  made  at  two  sample 
midpoint  temperatures,  31°C  and  15°C.  Ap¬ 
plied  voltages  ranged  from  0  kV  to  15  kV.  and 
the  range  of  frequencies  for  the  measurements 
was  0  Hz  to  600  Hz.  The  ionic  concentration  in 
each  mixture  was  adjusted  by  incremental  dop¬ 
ing  with  a  conducting  .solution,  designated 
ZLI-235,  produced  by  Merck  Industries. 


The  first  step  in  the  process  was  to  determine 
the  performance  of  the  individual  mixtures  as  a 
function  of  frequency  at  a  selected  voltage,  tem¬ 
perature,  and  ionic  concentration.  This  serves 
to  determine  the  optimum  operating  frequency 
of  the  mixture  for  a  reference  set  of  conditions. 
The  optimum  frequency  is  strongly  coupled  to 
the  viscosity  of  the  mixture.  It  is  also  associated 
with  the  existence  of  an  ionic  double  layer  that 
acts  to  shield  the  liquid  crystal  from  the  full 
impact  of  the  applied  voltage.’*’ 

Figure  3  presents  plots  of  the  normalized 
thermal  conductivity  of  TN-6459  and  TN-3252 
as  a  function  of  frequency  at  an  applied  voltage 
of  8.5  kV  and  at  a  temperature  of  31°C.  Data  for 
MBBA  is  also  plotted  as  a  reference.  The  dop¬ 
ing  level  for  TN-6459  was  0.3  percent  and  for 
TN-3252  it  was  0.1  percent.  The  plot  clearly 
depicts  the  existence  of  an  optimum  operating 
frequency  for  each  of  the  mixtures.  TN-6459 
and  TN-3252  both  have  peak  values  at  relative¬ 
ly  low  frequencies,  and  TN-3252  exhibits  a  rel¬ 
atively  sharp  peak  at  a  frequency  of  approxi¬ 
mately  30  Hz.  The  optimum  operating  fre¬ 
quency  of  MBBA  is  in  the  vicinity  of  100  Hz. 
and  it  exhibits  a  very  broad  operating  range. 
TN-6459,  which  has  the  lowest  viscosity  of  any 
of  the  mixtures,  has  the  lowest  optimum  oper¬ 
ating  frequency  and  the  best  performance.  The 
lower  viscosity  mixtures  allow  the  flow  cells  to 
form  more  rapidly,  and  larger  flow  cells  are 
formed,  i.e.,  higher  flow  velocities  and  greater 
heat  transfer  enhancement  potential.  Thus,  the 
tendency  is  for  the  optimum  operating  fre¬ 
quency  to  correlate  with  viscosity.  But  while 
TN-6459  exhibits  the  best  performance,  it  is 
noted  for  the  moment  that  it  has  a  higher  level 
of  doping  than  TN-3252. 

Figure  4  presents  data  similar  to  that  shown 
in  Figure  3.  with  the  exception  that  the  doping 
levels  were  different,  and  the  sample  midpoint 
temperature  for  these  runs  was  15°C.  The  in¬ 
creased  viscosity  associated  with  the  reduced 
temperature  acted  to  degrade  dramatically  the 
heat  transfer  performance  of  the  liquid  crystals, 
especially  that  of  MBBA.  Optimum  operating 
frequencies  were  also  reduced.  Once  this  effect 
was  noted,  it  was  later  discovered  that  the  per¬ 
formance  could  be  adjusted  to  accommodate  a 
particular  temperature  range  by  adjusting  the 
doping  of  the  materials,  as  shown  in  Figure  5. 

Figure  5  shows  the  results  obtained  for  eight 
doping  levels  ranging  from  0.1  percent  to 
0.4  percent  by  volume  that  were  evaluated  to 
determine  the  effect  of  ionic  concentration  on 
performance  at  31°C  and  15°C.  The  maximum 
thermal  conductivity  of  each  sample  at  an 
applied  voltage  of  8.5  kV  was  u.sed  to  make  the 
comparison.  The  results  indicate  the  existence 
of  optimum  doping  levels  for  each  mixture  at  the 
two  operating  temperatures.  At  doping  levels 
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Figure  3.  Thermal  conductivity 
ratio  as  a  function  of  frequency 
at  31°C. 


Figure  4.  Thermal  conductivity 
ratio  as  a  function  of  frequency 


at  15°C. 


0  50  100  150  200  250  300  350  400  450  500  550  600  650 

Applied  Frequency  in  (Hz) 


beyond  the  optimum,  the  excess  ions  serve  only 
to  increase  the  Joule  heating  within  the  sample, 
and  the  performance  of  the  mixture  is  reduced. 
Figure  6  shows  the  relative  thermal  perfor¬ 
mance  of  each  mixture  as  a  function  of  voltage 
at  the  optimum  operating  frequency  for  each 
mixture  and  an  operating  temperature  of  31°C, 
The  optimum  doping  levels  for  each  mixture  at 
this  temperature  were  used  to  make  the  com¬ 
parison,  The  results  show  that  the  optimum 
performance  of  TN-3252  is  roughly  comparable 
to  that  of  MBBA,  whereas  the  optimum  perfor¬ 
mance  of  TN-6459  is  roughly  three  times  great¬ 
er  at  an  applied  voltage  of  14  kV,  The  data  also 
show  TN-3252  to  be  well  behaved,  i,e,,  the  data 
exhibit  the  same  general  dependence  on  the 
applied  voltage  as  that  exhibited  by  MBBA, 


The  data  for  TN-6459  did  not  show  the  same 
smooth  increase. 


Summary 

There  are  several  items  that  should  be  noted 
if  liquid  crystal  heat  valves  are  to  be  effectively 
developed  for  practical  applications.  First  and 
foremost  is  the  process  of  selecting  and  opti¬ 
mizing  a  mixture  for  a  given  application.  The 
coupling  between  the  anisotropic  characteris¬ 
tics,  viscosity,  operating  temperature,  electrical 
conductivity  (joule  heating),  and  the  concentra¬ 
tion  of  ions  in  the  material  must  all  be  carefully 
evaluated.  The  highest  thermal  conductivity  at 
a  given  temperature  will  generally  be  achieved 
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Figure  5.  Influence  of  doping 
on  maximum  thermal  conduc¬ 
tivity  of  TN-6459  and  TN-3252 
at  15°C  and  31°C. 


Figure  6.  Thermal  conductivity 
ratio  as  a  function  of  applied 
voltage  at  31°C. 
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hy  selecting  a  material  that  has  the  lowest  vis¬ 
cosity.  However,  if  operation  over  a  tempera¬ 
ture  range  is  important,  it  might  he  more  bene¬ 
ficial  to  .select  material  on  the  basis  of  its  vis¬ 
cosity-temperature  curve.  Performance  of  the 
mixtures  can  be  adjusted  somewhat  by  doping 
the  materials  to  change  their  electrical  conduc¬ 
tivity.  The  two  mixtures  that  were  studied 
here  had  good  performance  characteristics  and 
were  both  chemically  stable. 

The  thermal  conductivity  of  liquid  cry.stal 
increa.sed  significantly  after  doping.  LCHVs 
can  be  u.sed  in  insulated  diving  suits  to  reduce 
heat  stress  and  to  increase  mi.ssion  duration  f< 
divers  in  the  cold  water  environment.  Similar 
liquid  devices  may  also  find  applications  in 


optical  data  processing  as  an  electrically 
addressed  optical  light  modulator  for  spectrum 
analysis,  image  correlation,  radar,  and  spread- 
spectrum  signal  processing.” 
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Nanophase  Aluminum  for  Potential 
Applications  to  Improved  Explosives 

B.  C.  Beard,  C.  S.  Coffey,  and  R.  A.  Brizzolara 


Nanophase  materials  technology  is  an  exciting,  rapidly  growing 
area  of  research  and  application  in  the  quest  for  new,  higher 
performance  materials.  Every  area  of  materials  endeavor... metals, 
ceramics,  and  thin  films. ..is  touched  by  the  advances  in  this  field. 
This  article  describes  a  new  approach  to  the  use  of  metal  fuels  in 
energetic  materials,  coupling  recent  advances  in  nanophase  (NP) 
materials  processing  with  the  well  known  performance  enhance¬ 
ment  of  metals  in  propellants  and  explosives.  An  apparatus  was 
assembled  and  procedures  perfected  for  the  generation  of  nano¬ 
size  aluminum  (Al)  particles.  NP  Al  metal  particles  were  created 
by  the  gas  condensation  method  under  a  flowing  argon  (Ar) 
atmosphere  at  10'^  torr.  Al  particles  on  the  order  of  50  nanometers 
were  prepared  and  characterized.  Reaction  of  the  nano-sized 
metal  particles  with  ammonium  perchlorate  was  evaluated  using 
the  Ballistic  Impact  Chamber  method  pioneered  at  the  White  Oak 
Detachment.  The  rate  of  initiation  of  the  Al  reaction  was  found  to 
be  faster  and  more  sustained  for  the  NP  form  of  Al  when  compared 
to  more  conventional  sized  (44  fim)  Al  particles.  This  research 
could  lead  to  the  development  of  more  energetic  explosives  for 
underwater  appIico''ons. 


Introduction 

Recent  developments  in  the  fabrication  and  processing  of  nano-crystalline 
materials  have  demonstrated  the  potential  for  significant  impact  on  Navy 
systems  that  require  novel  materials/'  Due  to  the  extremely  fine  particle  size, 
modification  from  the  elemental  state  is  readily  accomplished  for  the  pioduc- 
tion  of  oxide,  carbide,  or  nitride-coated  particles  that  can  be  consolidated  to 
nearly  100  percent  density.  Ceramics  represents  only  one  area  of  potential 
application.  Mixed  metal  phases  (or  their  oxides)  can  be  generated,  leading  to 
alloys  unattainable  through  conventional  metallurgical  techniques.  Catalysts, 
magnetic  materials,  optical  materials,  and  semiconductors  can  be  created  with 
nanometer  particle  sizes  under  the  proper  conditions. 

Generation  of  NP  materials  has  been  attained  through  several  methods. 
Generally,  atoms  or  clusters  emitted  from  the  bulk  (by  thermal,  optical,  sput¬ 
tering,  or  high  potential  excitation)  have  their  highly  excited  internal  modes 
quenched  by  interaction  with  a  high  backing  pressure  of  gas  in  the  synthesis 
chamber.  Collisional  energy  losses  with  the  high-pressure  (>10'^  torr)  gas 
molecules  quench  the  high  energy  of  the  particles  that  could  cause  them  to 
coalesce.  A  liquid  nitrogen  (LN2)  cooled  target  block  condenses  the  metal 
particles  from  the  gas  phase,  collecting  them  for  use.  Inert  gases  are  used  for 
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metal  particle  formation.  Oxides,  nitrides,  and 
carbides  may  all  lie  created  by  proper  selection 
of  the  blanketing  gas  used  during  the  condensa¬ 
tion  process. 

NP  Al  was  chosen  to  illustrate  NP  technol¬ 
ogy  for  Navy  use.  Al  is  a  common  high-energy 
fuel  in  propellant  and  explosive  formulations. 

In  conventional  blast  explosives,  however,  the 
energy’  release  of  Al  converting  to  AUO;!  is  late 
in  the  reaction  process,  minimizing  its  contri¬ 
bution  to  the  blast.  More  rapid  reactions  of  NP 
Al  in  blast  explosives  c:ould  move  the  Al  energy 
release  closer  to  the  detonation  front,  resulting 
in  an  increa.se  in  pressure.  Undenvater  explo¬ 
sives  exploit  Al  in  the  hopes  of  its  complete 
conversion  to  oxide  through  the  consumption 
of  oxygen  from  the  water.  Increa.sed  surface 
area  of  the  metal  would  enhance  the  likelihood 
of  complete  oxidation  and  release  of  energy. 
Initially  NP  Al  was  thought  to  bo  pyrophoric 
and  was  suggested  as  a  fuel-air  blast  agent.  It 
has  since  bmn  demonstrated  that  NP  Al  is  not 
spontaneouslv  pyrophoric.  Its  use  as  a  blast 
agent  may  still  be  possible  if  it  is  formulated 
with  an  appropriate  initiating  explosive. 

The  particular  system  employed  for  the 
demonstrations  of  NP  Al  as  an  energetic 
ingredient  is  the  reaction  between  ammonium 
perchlorate  and  NP  Al.  It  is  hoped  that  through 
the  increa.sed  intimacy  of  contact  and/or  higher 
surface  area  afforded  by  the  NP  Al.  increased 
energy  relea.se  rates  an^  complete  consumption 
of  the  Al  will  m.sull. 


Apparatus 

We  as.sembled  the  apparatus  (Figure  1)  from 
high-vacuum  hardware  available  in  our 
laboratory  and  made  several  modifications. 

The  unit  is  ba.sed  upon  a  50-liter/second  turbo- 
molecular  pump.  A  main  vacuum  i.solation 
valve  .separates  the  pump  from  the  evaporator. 
A  butterfly  valve  adjacent  to  the  isolation  valve 
controls  gas  flow  when  NP  materials  are  made. 
The  evaporation  chamber  is  a  5-way.  2.75-inch. 
ConFlat  cross.  Pumping  is  from  the  top.  and 
the  evaporator  current  feedthrough  flange  is 
mounted  on  a  nipple  attached  to  the  bottom  of 
the  crass.  Vapor-pha.se  Al  generated  from  a 
resistively  heated  tantalum  boat  was  found  In 
operate  belter  than  the  lung.sten  filament  used 
initially,  i'he  V-shaped  tantalum  boat  can 
accommodate  40  mg  of  Al  wire  for  each  depo¬ 
sition.  A  bigh-ciirrenl  Variac  connected  to  a  5x 
step-down  transformer  supplies  the  power, 
with  full  voltage  ~20V.  A  gas  admi.ssion  is 
controlled  by  an  ullra-high-%'acuum  variable 


leak  valve  attached  to  the  evaporator  nipple, 
with  flow  entrance  below  the  evaporator.  A 
pressurized  bottle  of  rosear(.h-grade  Ar 
provides  the  gas  sourc:e.  Chamlier  pressure  is 
monitored  by  a  cold-cathode  vacuum  gauge 
c:apable  of  measuring  the  chamber  pressure 
within  the  range  of  10’-  to  10'**  torr. 

The  following  were  the  typical  deposition 
conditions:  chamber  base  pressure  >1  x  10'' 
torr:  flowing  Ar  pressure  >  10''  torr:  sample 
cooled  with  flowing  LN^  for  215  min.:  Variac 
was  taken  to  21  percent,  whereupon  the  tan¬ 
talum  boat  glowed  a  bright  orange-yellow:  and 
deposition  was  in  two  stages  of  1.5  minutes 
each,  separated  by  -3  minutes  to  allow  the 
substrate  to  cool.  LN2  flow  through  the  cop[)er 
pipes  of  the  coldflnger  (Figure  2)  was  continu¬ 
ous  during  the  deposition.  (Estimations  of  the 
substrate's  surface  temperatun;  were  obtained 
from  an  alumel-chromel  thnmuH:ouple  expostnl 
to  the  radiant  glow  of  the  evaporator  Ixiat.  This 
was  not  a  measurement  of  the  target's  true 
surface  temperature,  but  did  prove  to  be  a 
valuable  guide  fur  minimizing  radiation  effects 
on  the  target.  Measured  temperature  during  a 
deposition  under  the  conditions  noted  alrove 
was  approximately  300*^.  Again,  this  was  the 
temperature  of  a  freestanding  thermocouple 
junction,  not  the  continuously  cooled  target 
surface. 

We  determined  the  actual  cooling  rate  of  the 
sample  substrate  by  the  flowing  LN^  by  attach¬ 
ing  a  thermocouple  onto  a  nickel  foil,  which  in 
turn  was  attached  to  the  coldHnger.  This 
measurement  determined  that  after  10  minutes 
the  target  temperature  leveled  off  at  about 
-120't:. 


Results 

Direct  Al  Deposition  Onto  Ammonium 
Pnn:hlorate  Crystals 

We  produced  the  first  samples  in  the 
chamber  without  the  capability  of  monitoring 
the  pressure  or  maintaining  consistent  flow  of 
argon.  Ammonium  perchlorate  (AP)  cr\'stal 
fragments  mounted  with  double-sided  tape 
onto  the  coldfinger  were  used  as  deposition 
substrates  in  the  early  runs.  Metallic,  "mirror¬ 
like”  films  were  obtained  in  the.se  runs.  From 
the  preparation  of  these  samples,  a  number  of 
les.snns  were  learned.  First,  the  radiant  heating 
at  the  surface  of  the  target  was  sufficient  to  melt 
the  tape.  Second,  proper  pressure  control  and 
monitoring  were  necessary  to  deposit  NP 
material. 
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Figure  1.  Naiinphiisi'  (iepiisilidn  (:hfiml)f*r. 


rhcD’  was  a  ipirslinii  as  let  wlii’lhtT  a  (iiri’cl 
.M-let-AI’  inlcrfarr  uciiilfl  rcael.  X-ray 
phtiliH’ltM  lron  spiM  irnse  (tpy  (XI’S)  i  (unitjiK’d 
with  niililr  j»as  i»in  t'li  liiiig  was  iitTfriniird  let 
•‘valiialf’  lilt*  chi'inislrv  of  iht*  .M  layrral  Ihr 
snrfae  i’  ami  al  ils  inli'rrai  «*  wilh  lh«'  AP  crystal. 
Spiitli’r  di'plh  prrtfilf  rrsidls  iiidic  ah*  a  Ihiii 
itxidt’  rin  Ihi’  siirfac  )’  (if  the  i'vap(irali*d  filni  and 
an  (ixidi*  layer  al  lli(>  AI/AP  inlerfac  (•  apprnxi- 
nialely  one-lhird  llie  Ihickness  iif  lln*  Al  layer. 
The  film  lliickne.ss  was  deh’rmined  lo  he  ~2.'»nA 
In  SI  aiming  elei  Iron  inii  rosenpy  (SKM)  analy¬ 
sis.  This  resiill  indicales  reaction  helwi’en  .M 
and  .\P.  leading  to  the  fornialion  of  an  oxide. 
This  is  nol  a  clean  resnil.  how(»ver.  hi’i  anse  Ihe 
high  temperature  attained  al  Ihe  surface  of  Ihe 
(  ryslal  dm*  lo  radiant  healing  must  have  heen 
sufficient  lo  decompose  AP.  creating  sufficient 


oxygen  pressure  above  Ihe  surface  of  tin*  AP  lo 
n'sidl  in  Ihe  appri>ciahle  Al  oxidation. 


Nanophasi*  Al  Pri’paration 

I  pon  incorporation  of  Ihe  cold-cathode 
gauge  (Figure  I).  Ihi'  chamher  pmssiire  could  he 
accurately  monitored.  TIu*  overnight  base  pms- 
sun*  of  tin*  deposition  chamiH'r  after  some  leaks 
were  ri’pairi'd  was  found  lo  hit  2  x  It)  '  lorr. 

Wilh  the  ability  lo  determine  and  control  the 
pressure  of  argon  gas  in  Ihe  chamher. 
conditions  leading  lo  Ihe  formation  of  NP  Al 
could  he  achieved.  NP  Al  was  deposited  on  a 
set  of  AP  crystal  fragments,  nickel  foil,  and  a 
silicon  wafer.  SFM  analysis  of  an  NP  Al  film 
deposited  on  nickel  foil  determined  Ihe  layer  lo 
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FiKliri!  2.  ( whit  li  tli‘|iitsitiiiii  sulisir.itfs  ucri'  livi  tl. 


hi*  '  I.Ti  ^iiii  lltit  k  :<).  I  liis  |,i\fr  t 

Itrisi’tl  Iwi)  sill  I  i>ssiM<  l.i\i*rs  n'siiliiii^  Iroin  llii* 
iwii-siii^f  ili’piisitinii  jiriii  fillin'  fiiipliixfil  in 
kiviiiKili'un  llif  lilin.  I■■f.llllrfs  williin  Ihfsf 
l.iMTs  ’ii^ffst  .1 1  nliiiiiii.ir  xiniwtii  III  till*  lilin. 
with  f.ii  li  I  iilninn  mi  Ihf  nnliT  nf  .'id  n.imi- 
nifliTs  wiilf. 

.Si  .inniiix;  lnnnflin<>  inii  msi  iip\  (.STM) '  oi 
till*  \l*  .M  ilfpiisils  mi  nil  kfl  tnil  iii  liifXfil  onl\ 
ni>iri;in<il  sin  i  fss.  ’Hif  r.ipiil  ilrx  fliipnifnl  nt 
fxi'ii  .1  thin  ii\iilf  ( -  1  n.inmni'li'r)  pifsi'iils  .1 
snITii  ifiillv  insnl.it ini'  li.irrifr  tn  tlif  .S  IM  to 
nnikf  timni'linii  iinpnssililf.  .\s  ,in  .iltfrn.itiM* 
•ipprii.irli.  ^nlil  ili'piisits  wi'i'f  pniiliii  fil  nnilfr 
siinil.ir  i  mnlitimis  ,is  tlif  \l’  .M  Im  S  IM 


fv.ilii.itimi.  Im.i'^fs  trmn  this  m.iti-i  i.il  iinlii  .itfil 
.1 1  liistfi  si/f  III  trmn  It)  tn  Jli  n.inmiiftfis 
||•iJ^nll•  4).  Whilf  this  ifsnlt  is  I'lii  mii.i'^in;^  Im 
lrnl\  \l’  in.itfii.il.  ifsnlts  on  1*0111  .ni*  not 
iliri'i  tlv  ri'l.il.ihlf  to  tlif  Al  work. 

\  isii.ilK .  till'  \l’  Hints  .ippiMM'il  hl.n  k  or 
;4rf\ .  I  mnpififix  ohsi  nrin*;  thf  siilisir.itf  lif lov\ . 
I  hf  li.irkfiifil  n.ilnif  ol  thf  lilnis  f\  iilfiitK 
.irisfs  Irmii  Ihf  .illfifil  fifi  Irmiii  strin  tiiif  ol 
Ihf  liiif  .\l  p.iiiii  Ifs.  This  olisrix .ilimi.  lo'.;flhfr 
with  thf  liiif  If.iliiif  si/f  ol  till'  lilnis  olisfiAfil 
In  .SI  AI  .mil  .S  r\l.  wfif  l.ikfii  .is  .m  iinlii  .ilimi 
ol  thf  lorm. ilimi  ol  .i  nmniii.ilK  .Mi-ii.mmiiflfr 
\l’  .\l  in.ilfii.il. 


Glo.s.sary 

Nnbli!  Cfas  Inn  Kli.hinK.  .\  iiii'IIumI  wIhti'Iix  iioIiIi'  k.is  .ilniiis  li.i'..  .\rl  .in'  ii>iii/i'il  .mil  .ii  ■  I'ii  r.ilisl  in  s.'vit.iI  kiln\nlts  m 
I'ni'risv.  llii'ii  iliri'i  li'il  In  ii  in.ili'rj.ils  siirf.ii  i'.  Tlii’  n'siilliiit'  "s|iiilli'riii)j'‘  (Hih  nss  n-inini'v  m.ilni.il  nii  .ni  .ilnmii  m  .iln  <is 
ii  film  linn  III  llii'  I'll  liini;  tiim-. 

.Scanning  Kliicirnn  MicniM:npi‘  ISF.M).  .\  mii  rnsi  n|ii'  in  whii  h  n  Is'.ini  nl  I'lis  irnns  is  iiMiln  in  sc  .m  iln-  sml.n  n  nt  .i 
s.nn|ili'  I  hr  sp.ili.il  ilislriliiilinn  nt  inlmsilx  nt  ilir  sis  nml.irv  rhs  linns  lliiis  l■nlilllsl  tnrms  ,iii  iin.ip'  nt  iln-  siirt.ii  .v 

Scanning Tunnffling  MicnMcapn  (STM).  .\  iiiirinsin|ii'  in  mm  li  I'lis  irmis  liinni't  Ih'Iwis'ii  llir  s.nii|ili'  sml.ii  r  .nnt  .i  mtv 
sliiir|i  ini't.il  tip  lii'lil  .ipprnsimiili'lv  I  n.innnu'ti'r  .iw.n  frnni  liin  snrt.n  n.  .\s  lln-  tip  is  si  .ninril  n\ it  Hi.'  snrt.ii  r.  III.' 
tnnni'l  i  nrri'iil  is  ini'iisiirisl  .is  n  t'liii  linn  nf  lip  |Hisitinn.  I'liis  jji'iiit.iIi's  .hi  iimiKi'  nt  lli.'  snrl.n  n.  I  lii'  .S'fM  is  llic 
hirihi’sl  ri'snliilinn  snrf.ii  r  iimiginu  tis  liniipii'  .iiiiihilili':  il  li.is  llir  i  .ip.iliililv  In  rrsnlx  ■■  imli\  i.lii.il  .itniiis  nii  i  iTl.iiii 
iii.ili'ri.ils, 

Spullnr  llnplli  Prnfllp.  .\  pri«  I'llnri'  in  wliii  ti  llii'  s,iinpli'  snrl.n  r  is  ii'pi'.ili'illv  spiill.'ri'il  In  n'lmiM'  I.imts  nl  ni.iliTi.il, 

•XfliT  I'.ii  II  spiilliTini;  sliijji'.  snrl.n  c  iin.ilysis  is  piTlnrini'il  In  .Issrss  llir  I  Ii.iiiki's  in  snil.n  r  i  niiipnsiljnii  « jlli  i.'sp.'i  I  In 
ili'plli. 

X-ray  PlioliN'IiicImn  .SpnctriMcnpy  (XPS).  snrl.ii  r.in.ililii.il  lis  iniiipir  pmi  i.linr  rl.'im'iil.il  .iml  ■  hrtiiii  .il  iiilnnii.ilinii 
nl  llir  lipprrninst  "i  In  III  ii.inmiirlrrs  nt  .1  in.ilrri.il.  X-r.irs  ,iti'  rinpinv  I'll  In  rM  ilr  iilinlnrl.*.  I  runs  Irnin  I  hr  s.imjil.. 
snrl.n  r.  Thr  1  h.ir.n  Irrislii  rnrruv  nl  tin's.,  phnlnrln  li.nis  is  liiilipi.'  tn  III.'  rl.'iiiriil  .mil  its  <  li.'iiii.  .il  sl.ilr 
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NaiKiplitist)  Al  On  I’nwdonnl  AP 

To  iiUToaso  Iho  contact  botwoon  AP  and  AI. 
powdorinl  AP  rathor  than  iTvstal  fragmnnts  was 
used  as  a  doposition  snbstrato.  Tho  powder 
was  nionntod  to  nickel  foil  with  double-sided 
laptf.  The  AP-coated  foil  was  held  to  the 
c:oldfin}>er  hy  carbon  paste,  whicdi  provided  the 
vacnnin-stahle.  thermally  conducting  adhesive 
iHHuled  for  this  work.  Measurement  of  the 
weight  of  AP  and  Al  was  difficult  to  achieve.  A 
"witness"  foil  of  nickel  was  placed  adjacent  to 


Figure  3.  %SEM  micrograph  of  nanopha.se  Al 
layer  deposition  on  nickel  foil. 


the  AP  .sample  to  determine  the  amount  of  Al 
hi>ing  deposited.  Weight  of  the  nickel  was 
taken  then,  and  again  billowing  the  NP  Al 
deposition. 

XPS  analysis  of  an  NP  deposition  blank 
nwealed  the  presence  of  chlorine  in  both  the 
perchlorate  and  chloride  chemical  states.-*  This 
result  indic;ate.s  the  dissociation  of  the  AP  at  the 
surface  during  the  deposition  procedure. 
Apparently  the  radiant  energy  heating  of  the 
.source  is  sufficient  both  to  volatilize  and  to 
dm:ompo.se  AP.  as  suggested  aliove.  As  a  result, 
the  Al  films  deposited  in  the  presence  of  AP  are 
not  pure  Al.  and  they  are  highly  oxidized  from 
the  oxygen  arising  from  the  decomposed  AP.  A 
blank  nickel  foil  was  mounted  to  sen'e  as  a 
means  of  measuring  the  weight  of  the  deposited 
Al.  In  one  case,  the  weight  increase  was 
0.0003  g.  Taking  the  area  of  the  nickel  sub¬ 
strate  for  the  deposition  to  be  0.6  cm-,  the  layer 
thickness  turns  out  to  be  approximately  1.8  pm. 
in  very  good  agreement  with  the  Si£M  result. 


Preparation  Of  Nanopha.se  Al  Powder 

To  avoid  the  diffiiadty  of  thermal  degrada¬ 
tion  of  the  AP.  formation  of  NP  Al  onto  a  metal 
substrate  was  employed.  The  coldfinger  was 
modified  by  the  addition  of  a  large  tantalum 
plate.  1.25  inches  x  2.5  inches,  held  in  place  by 


Figure  4.  STM  image  of  an  NP  gold  (Au)  deposit  on  Teflon. 
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wires  wrapped  around  both  the  plate  and  the 
copper  coidfinger  cooling  pipes.  The  deposited 
Film  was  scraped  from  the  surface  of  the  tantal¬ 
um  foil  for  analysis  and  testing.  Determination 
of  the  average  oxide  thickness  on  the  NP 
particles  was  made  by  XPS.  The  ratio  of  the 
metallic  Al  peak  intensity  to  that  of  the 
assumed  continuous  oxide  overlayer  was  used 
for  the  calculation  (Figure  5).  The  average 
oxide  thickness  on  this  material  was  found  to 
be  -4.2  nanometers  following  24  hours  expo¬ 
sure  at  70°C.  60  percent  relative  humidity. 
Bromine  was  observed  as  a  very  minute 
contaminant,  the  source  of  which  is  unknown. 
The  -325  mesh  (44  pm),  fine-particle  size  Al 
used  for  comparison  in  the  BIG  tests  had  an 
average  oxide  thickness  of  ~4.7  nm. 


Ballistic  Impact  Chamber  Tests 

Ballistic  Impact  Chamber  (BIC)  tests  were 
run  to  asse.ss  the  differences  in  sensitivity  and 
burning  rale  of  AP/AI  versus  AP/NP  Al.  In  this 
instrumented  impact  test  the  drop  height  and 
weight  are  fixed,  the  sample  size  is  held  close 
to  35  mg.  and  all  tests  are  run  on  #180-grit 
.sandpaper  (Figure  6).  The  advance  in  this  test 
relative  to  previous  impact  tests  is  the  real-time 
record  collection  of  the  pressure  output  of  the 
sample  during  the  impact-induced  burn.'*  A 
transducer  measures  the  pressure  within  the 
enclosed  striker  volume.  The  increased  pres¬ 
sure  works  on  a  pellet  accelerated  down  a  nine- 
inch  barrel.  Knowing  the  volume  and  measur¬ 
ing  the  pressure  allows  for  the  calculation  of 
the  energy  output  by  the  material.  In  addition, 
since  the  pressure  is  measured  during  the 


impacting  event,  the  initiation  rate  of  burn  can 
be  determined. 

In  this  particular  work,  the  initial  rate  of 
burn  and  the  time  delay  to  ignition  are  of 
critical  interest.  If  the  NP  Al  is  behaving  as  a 
more  active  fuel,  its  combustion  should  be 
more  facile  and  complete.  Due  to  the  difTi- 
culties  in  obtaining  a  reproducible  ratio  of  the 
AP  to  Al  in  the.se  samples,  the  BIC  enei;gy 
output  results  are  not  particularly  meaningful. 
Several  different  sets  of  samples  were  tested, 
including  control  AP  both  in  powdered  and 
single  crystal  form;  single  crystal  AP  with  metal 
Al  metal  layer  deposits;  and  powdered  AP 
mixed  with  both  -325  mesh  Al  powder  and  NP 
Al.  The  data  of  most  relevance  are  the  set  of 
experiments  for  AP  powder;  AP  powder  mixed 
with  -325  mesh  Al;  and  AP  powder  mixed  with 
NP  Al.  In  Table  1  the  result  of  most  critical 
interest  is  the  time  delay  to  ignition.  At.  This 
result  demonstrates  that  the  AP/NP  Al  reaction 
initiates  more  rapidly  than  the  other  two 
samples,  suggesting  that  the  NP  Al  can  interact 
more  readily  than  the  larger  -325  mesh  Al 
powdered  material.  Curves  from  the  BIC  tests 
of  AP.  AP  with  -325  mesh  Al.  and  AP  with  NP 
Al  are  shown  in  Figure  7.  Pure  AP  shows  a 
slow,  featureless  growth  in  pressure  followed 
by  a  long  pressure  decay  due  to  continued 
burning.  AP  in  the  presence  of  Al  demon¬ 
strates  an  earlier  low-level  reaction  leading  to  a 
major  build-up  of  pressure.  In  this  region  a 
difference  was  noted  between  the  two  types  of 
Al.  As  indicated  in  the  table.  NP  Al  initiates 
faster  and  maintains  a  greater  reaction  rate  after 
the  initial  onset.  This  difference  is  thought  to 
reflect  the  greater  case  of  initiation  of  the  NP  Al 
particles  relative  to  the  much  larger  44-Mm 


Figure  5.  Al(2p)  photoelectron  spectrum  of  NP  Al  scraped  from  the  target  after  deposition. 
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malorial.  It  appears  that  once  initiatmi.  the 
burning  rates  are  approximately  equal, 
indicating  the  chemic;al  reaction  rate  limit  of 
AP  with  Al. 

Summary 

NP  Al  particles  have  been  fabricated  by  the 
gas  consolidation  method  for  u.se  as  a  high- 
energy.  high-burning-rate  fuel  for  propellant 
and  explosive  applications.  Experimental 
evidence  has  demonstrated  the  particle  sixe  of 
the  NP  materials  to  be  on  the  order  of  50 
nanometers,  an  order  of  magnitude  smaller 
than  the  smallest  material  currently  employed 
in  energetic  formulations.  Despite  initial 
expectations  that  the  NP  Al  would  be 
pyrophoric,  the  material  was  found  to  be  air 
stable  and  to  develop  an  oxide  layer  of  only  4.2 
nanometers  after  24  hours  of  exposure  to 
atmosphere. 

BK'  test  results  suggest  an  accelerated 
initiation  of  Al  combu.stion  w’hen  the  material 
is  in  the  NP  form.  This  shortened  ignition 
delay  holds  out  the  promi.se  of  Al  oxidation 
reaction  initiating  at  the  detonation  front. 
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Figure  6.  Schematic  diagram  of  the  Ballistic 
Impact  ('hamber  apparatus. 


Although  these  results  are  most  encouraging, 
additional  experiments  are  required  to  substan¬ 
tiate  the  conclusions  drawn  from  this  limited 
study.  One  to  two  grams  of  commercially  avail¬ 
able  NP  Al  would  permit  thorough  characteri¬ 
zation  of  the  material,  more  controlled  BIG 
testing,  and  shock  initiation  studies.  The  mate¬ 
rial  for  lhe.se  experiments  would  be  formulated 
into  a  highly  .solids-loaded  hinder/AP/NP  Al 
explosive.  Documented,  reproducible  demon¬ 
stration  of  the  enhanced  reactivity  in  such  a 
sy.slcm  under  shock  and  impact  conditions 
would  provide  the  data  needed  to  transition  the 
NP  Al  materials  into  new.  high-performance 
formulations. 


Table  1.  BIG  Test  Results:  Burn  Kate  and 
Energy  Output 


Tim*  (Iiai/div) 


Figure  7.  Ballistic  Impact  Ghamher  test  results. 
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Molecular-Level  Study  of  Insensitive  and 
Energetic  Layered  and  Intercalated 
Materials 

Richard  D.  Bardo 


An  important  goal  of  the  detonation  physics  and  chemistry 
community  is  to  develop  explosives  with  high-performance 
capabilities,  yet  sufficiently  low  sensitivities  for  advanced, 
invulnerable  Navy  warheads.  The  traditional  ways  of  developing 
increasingly  energetic  explosives  have  led  to  an  increase  in  sho^ 
and  impact  sensitivities,  thereby  exacerbating  the  problems 
associated  with  warhead  performance  and  decreased  safety.  It  is. 
therefore,  of  practical  and  theoretical  importance  to  design,  from 
molecular-level  considerations,  polycrystalline  explosive  systems 
that  clearly  exhibit  directional  sensitivity  and  initiation  proper¬ 
ties.  while  also  approaching  the  insensitivity  of  homogeneous  or 
single-crystal  explosives.  In  the  current  work,  theoretical  studies 
indicate  that  such  systems  may  be  constructed  from  special 
materials  such  as  high-quality  pyrolytic,  layered,  hexagonal 
boron  nitride  (BNj  crystals,  these  studies  are  part  of  a  White 
Oak  Detachment  program  concerned  with  the  design  of  high- 
performance  explosive  crystals,  the  directional  shock  sensitivity 
properties  of  which  are  identified  with  specific  crystal  axes. 


Introduction 

The  design  and  construction  of  advanced,  invulnerable  Navy  warheads 
involve  the  selection  of  explosives  which  have  not  only  high  performance 
capabilities,  but  also  sufficiently  low  sensitivities  to  shock  or  impact.  While 
new  energetic  compounds  with  ever-improving  fragment  acceleration  and 
blast  pressure  continue  to  be  synthesized,  the.se  same  explosives  often  show  a 
concomitant  increase  in  sensitivity.  Because  the  traditional  "trial  and  error" 
methods  used  in  the  scale-up  of  the  new  materials  from  laboratory-to-warhead 
test  conditions  continue  to  show  conflicting  performance  and  sensitivity 
results,  it  would  be  of  practical  and  theoretical  importance  to  be  able  to 
design,  from  the  ground  up,  a  highly  energetic  explosive  system  that  clearly 
exhibits  the  needed  insensitivity  and  performance  at  all  stages  of  develop¬ 
ment.  Therefore,  the  purpose  of  this  article  is  to  indicate  the  feasibility  of 
102  such  a  program  by  exploiting  the  current  understanding  of  the  molecular-level 

processes  governing  the  behavior  of  energetic  materials  at  high  pressures  and 
temperatures. 
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Benchmark  experiments  exist  which  show 
profound  differences  in  the  way  homogeneous 
and  heterogeneous  explosives  initiate  under 
shock.  In  the  case  of  sustained  shock-pulse 
initiation  of  homogeneous  liquid  nitromethane 
(NM).'  which  is  free  of  discontinuities  of  any 
kind,  fast  reaction  appears  to  begin  close  to  the 
driver-plate  interface  after  an  induction  time  of 
about  10'^  seconds.  No  light  is  emitted 
directly  behind  the  initiating  shock,  which  at 
60  kbar  propagates  8  mm  before  initiation 
begins  at  the  interface.  The  absence  of  light 
emission  indicates  no  appreciable  excitation  of 
electronic  states  with  lifetimes  ^  lO'**  .seconds. 
Similar  behavior  is  observed  in  molten 
trinitrotoluene^  as  well  as  in  single  crystals  of 
pentaerythritol  tetranitrate  (PETN).* 
cyclotrimethylene  trinitramine.^  and  cyclo- 
tetramethylene  tetranitramine.^  On  the  other 
hand,  sustained  shock-pulse  initiation  of 
heterogeneous  NM  containing  air  and  oxygen 
bubbles  and  of  polycrystalline  solid  explosives 
gives  rise  to  initiation  close  to  the  initiating 
shock,  with  negligible  induction  times.^  In  all 
these  materials,  sensitivity  is  a  function  of  the 
defect  structure  and  heterogeneous  nature  of 
the  medium. 

More  recently,  directional  shock  sensitivity 
has  been  discovered  in  single  crystals  of  PETN 
by  Dick  et  al..'’  who  showed  that,  in  the  chosen 
geometry,  initiation  is  difficult  to  achieve 
along  the  crystal  direction  of  greatest  slip. 
Although  existing  crystals  of  shock-insensitive, 
"graphitic"  triaminotrinitrobenzene  (TATB)  are 
too  small  to  be  reliably  studied  with  the  tech¬ 
niques  used  for  PETN  (crystal  size  of  1  cm),  it 
is  expected  that  larger  specimens  would  show 
similar,  but  more  pronounced  behavior.  In 
PETN.  all  three  orthogonal  directions  have  van 
der  Waals  bonding,  whereas  the  layered 
structure  of  TATB  has  such  bonding  only  in 
one  direction  and  strong  intralayer  hydrogen 
bonding.'*  Other  explosives  with  similarly 
pronounced  slip  systems  would  be  expected  to 
show  directional  sensitivity  properties  as  well. 
It  should  be  emphasized  that  while  the  above 
research  pertains  to  the  structure  of  single 
crystals,  an  understanding  of  the  effects  of 
polycrystalline  interactions  is  crucial  in  the 
final  analysis  of  shock  sensitivity.  Toward  this 
goal,  van  der  Steen  et  al.^  have,  for  example, 
determined  that  crystalline  shapes 
significantly  affect  sensitivity. 

This  article  introduces  a  White  Oak 
program,  currently  under  way.  involving  the 
design  of  high-performance  explosive  crystals 
that  clearly  exhibit  directional-shock  sensi¬ 
tivity  properties  along  specific  crystal  axes, 
and  yet  clearly  approach  the  insensitivity  of 
homogeneous  explosives  along  the  other 


axes.  Such  materials  are  being  constructed 
from  layered  pyrolytic  BN  crystals. 

Intercalation  of  BN 

Intercalation  compounds  are  formed  by 
insertion  of  a  guest  chemical  species — an 
intercalate — between  layers  in  a  host  material. 
Becau.se  of  its  simple  structure,  high  quality 
pyrolytic  graphite  is  most  often  the  preferred 
choice  of  host  lattice  for  purposes  of  enhancing 
its  electrical  conductivity  and  chemical  reac¬ 
tivity.®  Another  simple  lattice  is  pyrolytic  BN. 
the  crystal  structure  of  which  is  cio.sely  related 
to  that  of  graphite  and  built  of  hexagonal  layers 
of  the  same  kind.  but.  as  depicted  in  Figure  1. 
arranged  so  that  atoms  of  one  layer  lie 
vertically  above  tho.se  in  the  layers  below. 


0  Boron 
O  Nitrogen 


Figure  1.  Crvstal  structure  of  boron  nitride. 

BN. 

Although  each  layer  in  graphite  or  BN  is  one 
of  the  most  stable  structures  in  nature,  inter¬ 
calation  of  crystals  with  various  oxidizing 
agents  can  yield  explosive  systems  with  the 
desired  properties.  In  the  case  of  BN.  highly 
energetic  reactions  are  possible  with  formation 
of  B2O;,  (AHf  =  -303  kcal/mol).  Under  ordinary 
laboratory  conditions,  the  molecules  of  inter- 
calant  enter  the  host  crystal  by  exploiting  the 
weak  binding  energy  (1.5  kcal/mol  or  0.065  eV) 
between  the  layers  and  increasing  the  inter¬ 
layer  spacing.® 
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lnten;alation  pror.oods  by  charga  transt'nr 
I’roin  llu!  host  BN  layers  to  the  oxklixer 
molecules,  causing  bonding  within  the  layers  of 
intercalate.  This  intercalate-intercalate 
bonding  is  generally  much  stronger  than  the 
intercalate-host  bonding,  resulting  in  a  large 
thermal  expansion  of  the  intercalate  lay(?r 
relative  to  that  of  the  host  layer,  which  exhibits 
almost  no  thermal  expansion.  For  the  oxidizer 
or  acceptor  compounds,  the  inti^rcalate  layer 
becomes  negatively  chargiul  by  extracting  elec¬ 
trons  predominantly  from  the  host-bounding 
layers.  Thus,  these  host  laytirs  have  a  high 
concentration  of  holes,  causing  the  Fermi  level 
to  fall  and  the  corresponding  cylindrical  Fermi 
surface  to  shrink. 

It  is  interesting  to  note  here  that  intt^rcalation 
of  "graphitic"  TATB  would  likely  |)roduce  a 
much  le.ss  stable  structure,  since  the  transfer  of 
charge  would  be  small  and  localized  in  the 
vicinity  of  the  carbon  rings.  As  a  consiu|uence. 
the  interi;alate-intercalat<‘  bonding  would  be 
weaktir  than  that  found  in  the  extended  struc¬ 
tures  with  uniform  bonding  in  the  host  layers. 

While  ordinary  doping  procedures  give 
random  distrihutions  of  guest  sp(!cies.  inter¬ 


calation  produces  a  highly  ordered  structure. 
The  resulting  process  of  staging  givtfs  a 
mechanism  for  controlhal  variation  of  the 
physical  properties  of  the  com|)ounds.  Stage  m 
compounds  have  m  graphite  »)r  UN  layers 
between  successive  layers  of  intercalate!.  For 
maximum  intt!rcalation.  m  =  I.  and  the  theo¬ 
retical  maximum  density  (TMI3)  of  the  crystal 
falls  in  the  range  2.:t0  <  TMI)  <  2.80  g/cm  ‘  for 
the  simple  molecular  intercalates.  In  this  case, 
the  ho.st  and  inti!rcalate  layers  all(!rnate  so  that 
the  structure  is  uniform  and  homogen(!ous.  In 
the  ca.se  of  planar  NO ,.  stacking  of  the  BN  and 
NO ,  lav<!rs  at  TM13  =  2..'i0  g/cnv*  gives  the 
arrangement  shown  in  Figure  2.  For  higher 
staging  (i.t!..  lowt’r  intercalation),  high- 
re.solution  electron  microscopt*  imaging  shows 
a  range  of  m  values,  as  depicted  in  Figure  2  for 
the  FeCl  ,  intercalation  of  graphite.' 

Since  slip  in  the  layered  materials  must 
occur  without  breakage  of  the  B-N  bonds, 
basal  tlislocations  must  be  pre.sent  t(j  allow 
deformation  of  the  hexagons.*^  For  stage  I 
compounds,  maximum  slip  along  the  glide 
planes  of  dislocations  is  possiblt!.  since  the 
Burgers  vectors  corresponding  to  the  active 


HKH 

HHH 


c  Axis 


Boron  Nitride 


Figure  2.  Po.s.sible  double  layer  for  planar  N(>,  intercalated  iM’tween  BN  layers.  Side  view  shows 
NO;,  layers  parallel  to  the  BN  layers.  L'clipsed  oxygen  atoms  are  shown  as  closed  circles  in  the  top 
layer  and  as  open  circles  in  the  bottom  layer.  Top  view  of  double  layer  is  displayed  at  left.  Stage  1 
ftirmula  is  (BN)jN(),. 
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Figure  3.  Schematic  drawing  of  high-resolution  electron  micro.scope  image  of  FeCI  , -graphite,  show¬ 
ing  interpenetration  of  diffen!ntly  staged  nigions.' 
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SOME  CONCEPTS  IN  PLASTIC 
DEFORMATION 

Dislocation:  The  boundary  between 
slipped  and  unslipped  regions  of  a  crys¬ 
tal.  This  boundary  is  also  a  line  imperfec¬ 
tion  or  singularity  which  propagates 
through  the  crystal,  enabling  slip  to  occur 
at  low  values  of  critical  shear  stress.  The 
crystal  is  highly  strained  near  the 
dislocation. 

Burgers  vector:  The  dislocation- 
displacement  vector  S  which  determines 
the  strength  and  direction  of  propagation 
of  the  dislocation  and  slip.  The  strain 
energy  is  a  function  of  In  layered  crys¬ 
tals  such  as  graphite  and  BN.  a  perfect 
dislocation  becomes  an  extended  disloca¬ 
tion  during  deformation  by  splitting  in‘o 
two  partial  dislocations  separated  and 
bound  together  by  a  stacking  fault.  From 
the  Frank  dissociation  rule."  the  strain 
energy  is  lowered  by  formation  of  the  two 
partials.  since  >  6/  +  b/.  Deformation 
of  hexagonally  stacked  graphite,  for  exam¬ 
ple.  produces  stacking  faults  correspond¬ 
ing  to  graphite  layers  having  rhombohe- 
dral  stacking.  The  shock-pressure  pro¬ 
cessing  of  rhombohcdral  graphite  is 
known  to  increase  greatly  the  yield  of 
hexagonal  diamond. 

Shear  Acoustic  Modes:  Long  wavelength 
vibrations  (corresponding  to  phonons  of 
low  frequency  (o  and  wave-vector  k  of  the 
centers-of-mass  of  atoms  and  molecules. 
They  are  preferentially  excited  by  shock 
waves.  An  improved  mathematical 
description  of  plastic  deformation  is 
attainedjvhen  fluctuations  of  the  Burgers 
vector  Sb  are  expanded  in  terms  of  the 
components  b|,  corresponding  to  the  excit¬ 
ed  modes,  5b  =  X  bue*^*^ 


basal  dislocations  of  the  layers  are  parallel  to 
the  ba.sal  plane.**  In  this  ca.se.  there  is  minimal 
slip  perpendicular  to  the  basal  plane.  The.se 
dislocations,  which  split  into  two  partials. 
have  associated  with  them  shear,  acoustic 
modes  which  are  soft  (low  frequency  (o).  For 
.stages  m  >  1.  regions  or  gallerie.s  of  intercalate 
species  are  formed  between  adjacent  host 
layers,  resulting  in  strain  of  the  graphite  or  BN 


layers.  These  galleries  ani  (lefiictcid  in  Figure  .'t. 
As  shown  in  Figiin!  4  for  graphite,  the  presence 
of  a  layer  of  intercalate  cau.ses  the  two  adjacent 
host  layers  to  undergo  relative  shear  to  bring 
them  into  eclip.sed  slacking.  The  presence  of  a 
dislocation  at  a  boundary  of  a  gallery  has.  then, 
a  Burgers  vector  with  basal  and  perpendicidar 
components.”  The  presence  of  the  lattiT 
component  corresponds  to  an  edge  dislocation, 
allowing  slip  al.so  to  occur  perpendicular  to  thi^ 
ba.sal  plane. 


Figure  4.  Burgers  verdor  b  corresponding  to  a 
boundary  dislocation  in  intercalated  graphite.” 

Times  to  Ignition  in  Shocked,  Intercalated 
BN 

A  theory”  '”  has  been  developed  by  the 
author  which  provides  a  formal  framework  and 
guide  for  the  analysis  of  shock  ignition  in 
layered  materials.  This  theory  describes  the 
interrelationship  among  himolecular  chemical 
reactions  and  proces.ses  for  vibrational  ermrgy 
transfer  between  the  crystal  lattice  and  its 
molecules,  (’.hemical  reaction  ocaairs  only  after 
sufficient  energy  is  transferred  for  activation  of 
the  molecules.  In  many  cases,  this  is  the  slow 
or  rate-determining  step,  the  characteristic  time 

given  by 


~  ^  'PiiPo. 


(1) 


where  h.  pj,.  and  p„  are.  respectively.  Planck's 
constant  and  the  densities-of-state  for  the 
acoustic  and  optical  lattice  modes.  As 
indicated  in  (sarlier  work.”"’  p.,  and  p,,  may  he 
calculated  from  the  general  expression 


(  2  II  -  l/12n)k[  (  n  V  2 KI.S 

J  +  ql  1_  2  q  j 


(2a) 
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where  n  is  the  number  of  vibrational  degrees  of 
freedom.  <v)  is  the  average  of  the  n  frequencies 
vi,  and  A  and  q  are  defined  by  the  equations 

A-^  =  n 


n  =  E/E(,. 


(2b) 

(2c) 


In  Equation  (2c).  E  is  the  internal  energy 
interval  and  E,f  is  the  zero-point  energy. 
Equations  (2a)  through  (2c)  apply  to  both 
harmonic  and  anharmonic  vibrations. 

Calculation  of  the  energy  transfer  times  tp^ 
indicates  the  important  role  of  slip  in  the 
initiation  of  PETN.  as  interpreted  earlier  by 
Dick  et  al.-’  Since  excitation  of  the  higher- 
energy  optical  modes  of  the  lattice  is  crucial  to 
ignition.”  ’*’  preferential  excitation  of  the  long 
wavelength  acoustic  modes  corresponding  to 
slip  can.  by  Equation  (1).  give  times  /pj.  which 
are  too  slow  for  the  given  dimensions  of  the 
explosive. 

The  importance  of  fp,.  may  be  seen  in  context 
with  other  processes  occurring  in  the  system 
which  also  have  characteristic  times.  The.se 
processes  and  their  corresponding  rate 
coefficients  pertain  to  (1)  energy  transfer  from 
the  host  lattice  into  the  intercalation  molecules 
kf,y  =  tpy'K  (2)  energy  transfer  from  the 
molecules  back  into  the  host  lattice  k\.p.  and 
(3)  bimolecular  reaction  k/,  between  host  and 
intercalate,  which  combine  to  give  the  total  rate 
coefficient”’” 


and  ki, »  k,p.  so  that  k,„,'‘  =  Here,  calcu¬ 
lation  shows  that  k,„,  ’  <  lO  ’”  seconds  for 
10  <  Ps  <  80  kbar.  These  results  for  PETN  are 
portrayed  in  Figure  5.  It  is  emphasized  here 


Pg  (Kbar) 


Figure  5.  Comparison  of  shock-pressure 
dependence  of  tpv  for  acoustic  and  optical 
modes  along  various  crvstal  directions  in 
BN/NO3  and  PETN.  The  curve  labeled  PETN 
corresponds  to  the  geometric  mean  of  the  den- 
sities-of-state.  Equation  (1).  for  directions  (001) 
and  (100).  The  upper  two  cur\’es  for  BN/NO3 
and  PETN  pertain  to  maximum  slip. 


^tot  ~  ^f)v  (3) 

If  most  of  (he  shock  energy  is  dissipated  into 
the  low-frequency  acoustic  vibrations  corre¬ 
sponding  to  the  direction  of  greate.st  slip,  little 
reaction  is  generated,  so  that  k,p  »  k/,  in 
Equation  (3).  If.  then.  k,„i''  >  where  is  the 
time  for  arrival  of  rarefaction  waves,  any  reac¬ 
tion  is  quenched  and  no  ignition  is  possible, 
since  reduction  of  the  shock  pre.ssure  P,  below 
a  critical  value  inhibits  the  important  bimolec¬ 
ular  reactions.  For  the  single  1  cm  PETN 
crystals  used  in  Dick  et  al..  calculation  shows 
that  k,„,''  =  lO’’'  seconds  for  10  <  P,  ^  80  kbar. 
and  /f  =  10'*’  seconds  for  shocks  along  crystal 
direction  (100).  (The  designations  (100).  (010). 
or  (001)  indicate  the  directions  of  shock 
propagation  and  uniaxial  compression  parallel 
to.  respectively,  the  a-axis.  b-axis.  or  c-axis  of 
the  crvstal.)  On  the  other  hand,  if  k'(„,  '  < 

(l,„,  >  l^j.  ignition  is  po.ssible.  This  is  the  case 
for  orientation  (001)  where  slip  is  minimized 


that  the  slow,  rate-determining  step  identified 
with  tpy  ultimately  determines  the  ability  of  the 
explosive  to  ignite  at  certain  critical  pressures 
and  temperatures. 

For  initiation  to  occur  in  layered  crystals, 
planar  shocks  must  be  directed  along  the  c-axis 
of  the  unit  cell  or  at  small  angles  with  it.  as 
indicated  in  Figure  6.  At  some  critical  shock 
pre.ssure  P,  s.  excitation  of  the  initiating  optical 
modes  along  the  c-axis  results  in  bimolecular 
reaction  between  the  host  and  intercalate 
layers,  and  <  /p  For  the  BN/NO3  system 
depicted  in  Figure  2.  an  estimate  of  fp,.  is 
readily  obtained  from  Equations  (1)  and  (2)  if 
the  following  reasonable  assumptions  are 
made:  (1)  initiation  along  the  c-axis  is  effec¬ 
tively  one-dimensional  and  (2)  P,  s  =  130  kbar. 
which  approximates  the  known  minimal  pres¬ 
sure  required  to  cause  significant  distortion  of 
the  BN  or  graphite  planes  to  form  the  cubic 
structures.^  ’  It  is  assumed  here  that  the  lower 
bound  to  the  optical-mode  quantum -hw  along 
the  c-axis  of  BN  is  about  70  cm  ’,  which  is 
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the  value  for  high-quality  graphite. Also, 
the  ratio  A  =  1  in  Equation  (2b)  and 
E  =  5  x  I  o'*  orgs/g  at  P,.^  -  1 30  kbar.^  -'  so  that  in 
Equation  (2(;).  q  =  14.3.  since  E„  =  35  cm'‘. 

The  number  of  atoms  per  unit  cell  in  the 
BN/NO;,  structure  at  stage  1  is  10.  and  the 
corresponding  number  of  optical  modes  n  for 
the  one-dimensional  problem  is  9.  Substitution 
of  all  these  values  into  Equation  (2a)  gives, 
then,  pi)  <1.2  .v  10^'* /erg.  Accordingly,  since  n 
=  1  for  the  acoustic  mode  along  the  c-axis. 
substitution  of  the  remaining  parameters  above 
into  Equation  (2a)  gives  p„  <  7.8  x  10^-^/erg. 
Thus,  from  Equation  (1).  lO  "  seconds, 
which  is  much  shorter  than  =  10'^’  seconds 
for  centimeter-scale  crystals. 

The  effects  of  sustained  shocks  of 
=  130  kbar  at  increasing  angles  from  the 
c-axis  are.  to  good  approximation,  two- 
dimensional  in  the  crystal,  corresponding  to 
slip  of  the  host  and  intercalate  planes  past  each 
other  becau.se  of  the  relatively  weak  host/ 
intercalate  interaction  under  shock  conditions. 
In  this  case,  n  =  2  and  18  for  the  acoustic  and 
optical  modes,  respectively.  .Substitution  of 
the.se  values,  as  well  as  those  given  above  for 
luo.  k.  and  q.  into  Equation  (2a)  gives 
p„<  1.1  X  10''’/erg  and  p„  <  4.7  x  lO-'^/erg.  and 
from  Equation  ( 1 ).  <  0.02  second.  Here 

then.  »  /p  and  initiation  is  unlikely.  For 
lower  pressures,  additional  calculations 
indicate  that  /^v  *  10  '  seconds  in  the  range  of 


10  <  P,;k  %  80  kbar.  In  Figure  5.  these  times  are 
seen  to  be  longer  than  those  for  PETN. 
indicating  the  much  greater  insensitivity  of 
BN/NO3  crystals  of  comparable  size. 

A  similar  analysis  of  TATB.  the  planar 
molecules  of  which  form  a  graphitic  struc¬ 
ture.  is  expected  to  yield  times  in  the  range 
lO'-’’  S  tp^.  <  10'  *.  This  is  a  result  of  the  rigidity 
(r)  of  the  slip  planes  for  the  shock  pressures 
indicated,  where  r  has  the  order 
PETN  <  TATB  <  BN/NO;,. 


Summary 

The  important  criteria  for  optimal  direc¬ 
tional  sensitivity  in  intercalated,  layered  BN 
materials  are  that  (1)  they  must  be  stage  1  or 
close  to  it:  (2)  the  interplanar  activation 
energies  for  reaction  between  BN  and  the 
intercalate  layers  must  be  less  than  those  for 
reaction  within  each  intercalate  layer:  and 
(3)  the  important  interlayer  reactions  must  lx; 
bimolecular  and  exothermic.  Criterion  (1) 
addre.sses  the  requirement  of  minimal  slip 
along  the  cry.stal  axis  perpiindicular  to  the 
ba.sal  plane.  In  this  case.  .  for  the 

parallel  and  perpendicular  directions. 

Criterion  (2)  addres.ses  the  need  to  eliminate  or 
minimize  reaction  in  the  inten:alatc  layer  as  a 
result  of  energy  transfer  from  the  gliding  host 
layers  cau.sed  by  shocks  not  normal  to  the  ba.sal 


Direction  of  Shock 


Intracrystalline  Reaction  Occurs  Between  Host  Lattice 

and  Oxidizer 
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Figure  6.  Directional  initiation  of  layered  and  intercalated  polycrystalline  explosives. 
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piano.  This  roquiros  iho  caroful  soltH:li»n  of 
intorcalato.  Various  oxidizing  agents  are  cur¬ 
rently  being  studied  at  White  Oak.  Criterion 
(3)  guarantees  that  the  reactions  will  uci.ur  in 
times  \vhic:h  are  short  i:ompared  to  arrival  of 
rarefaction  waves  caused  hy  shucks.  These 
reactions  occur  with  activation  energies  that  are 
much  lower  than  those  in  unimohuadar 
proces.ses.  The  rates  of  these  reactions  given  by 
k/,  can  he  sufficiently  fast  at  the  pressures  and 
temperatures  of  interest  in  detonations.’*  '*’  so 
that  "initiating"  energy  transfer  from  the  BN 
lattice  into  the  intercalate  mulmrules  is  the  slow 
step.  Together,  thitse  criteria  help  to  guarantee 
that  the  mo.st  likely  direction  of  shuck  initiation 
is  normal  or  near-normal  to  the  basal  plane. 

Figure  6  indicates  schematically  how 
directional  .sensitivity  of  single  crystals  may  be 
retained  with  careful  layering  of  the  crystallites 
during  .scale-up.  The  retention  of  this  impor¬ 
tant  property  is  realizable.  I)ecau.se  the  oxidizer 
is  internal  to  the  cr\'.stallites.  .so  that  .sensitizing 
intercrystalline  reactive  “hot  spots"  are  unlikely 
to  develop  in  the  short  times  nKfuired  for  shock 
initiation. 
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Electromagnetic  Nondestructive 
Evaluation  of  Carbon-Carbon  Composites 

John  M.  Liu  and  Susan  N.  Vernon 


Carbon-carbon  composites  are  used  in  naval  strategic  weapon 
systems,  and  their  capability  to  retain  excellent  mechanical 
properties  and  dimensional  stability  in  hostile  environments  makes 
them  prime  candidate  materials  for  future  space  structures. 
However,  development  of  the  design,  processing,  and  proof-testing 
of  these  structures  is  complex  and  costly.  Therefore,  increasing 
demands  have  been  placed  on  nondestructive  evaluation 
techniques  that  may  identify  anomalies  early  in  the  materials 
processing  and  fabrication  stages.  This  article  reports  on 
electromagnetic  nondestructive  evaluation  techniques  developed 
in  the  Materials  Evaluation  Branch  that  have  been  demonstrated  to 
be  effective  in  verifying  the  properties  of  composites  manufactured 
by  proprietary  processes. 


Introduction 

Among  lightweight  materials  suitable  for  future  aerospace  applications  is  a 
type  of  carbon-carbon  composite  being  developed  at  the  Dahlgren  Division’s 
White  Oak  Detachment.  These  composites  can  have  elastic  stiffness  compara¬ 
ble  to  steel  and  mass  density  less  than  that  of  aluminum.  The  manufacturing 
processes  for  carbon-carbon  composites,  used  for  missile  nose  tips  and  exit 
cones  of  rocket  nozzles,  must  be  substantially  modified  to  achieve  such 
properties. 

Items  fabricated  successfully  thus  far  include  tubes,  panels,  and  cones. 
Some  examples  of  these  items  are  shown  in  Figure  1.  The  wall  thickness  of  the 
tubes  and  the  cone  was  typically  0.030  inch;  tube  lengths  were  12  inches; 
panels  ranged  in  thickness  from  0.030  to  0.125  inch. 

When  suitably  coated  for  protection  against  the  oxidative,  thermal,  and 
radiative  environment  existing  in  space,  the  tubes  are  potentially  useful  for 
structural  and  thermal  management  purposes.  The  heat  treatment,  which 
determines  the  graphitization  process,  must  be  controlled  to  allow  the 
mechanical  and  thermal  properties  to  reach  the  design  values. 

In  the  thin-walled  carbon-carbon  cone  typically  used  in  rocket  nozzles,  the 
small  cylindrical  attachment  section  has  the  same  number  of  fiber  tows  as  the 
110  much  larger  cone  section.  Consequently,  in  the  region  joining  these  two  sec¬ 

tions,  both  fiber  density  and  matrix  density  tend  to  be  nonuniform.  Because 
this  region  also  suffers  the  highest  thermal  stresses  during  rocket  firing,  it  is 
important  to  verify  its  material  state. 

As  the  manufacti  ring  process  for  the  more  advanced  composites  is  still 
evolving,  nondestructive  material  evaluation  techniques  are  needed  to  provide 
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Figure  1.  Carbon-carbon  composite  articles 
studied  in  this  work. 


property  screening.  This  screening  offers  many 
benefits:  it  increases  the  efficiency  of 
conventional  property  testing;  it  provides  a 
measure  of  consistency  of  materials  from 
different  manufacturers;  and  it  provides  early 
detection  of  the  effects  of  changing  processing 
conditions. 

Commercial  nondestructive  evaluation  of 
composites  is  based  primarily  on  ultrasonics 
and  radiography:  electromagnetic  techniques 
historically  have  been  restricted  to  the 
detection  of  surface  and  near-surface  flaws  in 
metal  components.  We  have  extended  this 
technology  to  the  characterization  of  advanced 
composite  materials.’  ’  The  information  made 
available  by  electromagnetic  techniques 
complements  that  provided  by  the  more 
traditional  technologies. 

This  article  reports  on  application  of  the 
technology  to  the  characterization  of  carbon- 
carbon  composites.  The  work  was  motivated 
by  expectations  that  electrical  transport  proper¬ 
ties  reflect  the  extent  of  the  graphitization 
process  in  the  reinforcing  fibers  which,  in  turn, 
control  the  mechanical  and  thermal  properties 
of  the  material.  In  addition,  we  have  demon¬ 
strated  that  our  technique  is  capable  of  both 
characterizing  the  stacking  sequence  in  a 
composite  laminate  and  detecting  macroscopic 
porosity  localized  in  the  regions  of  large 
curvature  change  in  a  composite  cone. 

Principles  of  Electromagnetic 
Nondestructive  Evaluation 

The  principles  of  our  technique  are  based  on 
the  excitation  of  eddy  currents  in  an  electrical 
conductor  when  a  “probe"  carrying  radio¬ 
frequency  (rf)  current  is  placed  on  the  conduc¬ 
tor.  Typically,  a  probe  consists  of  a  multiturn 
coil  of  wire.  We  place  the  coil  in  a  ferrite  cup 
core  to  concentrate  the  electromagnetic  field. 


Single  or  multiple  probes  constituting  transmit¬ 
ting  and  receiving  devices  can  be  used  for 
obtaining  the  signal  associated  with  the  effects 
of  the  material  on  the  rf  magnetic  field.  In  the 
work  reported  here,  a  single  probe  was  used. 

Characteristics  of  the  material  were  extracted 
through  analysis  of  the  changes  in  probe 
impedance  as  a  function  of  frequency.  The 
impedance  changes  with  the  electromagnetic 
flux  linking  the  probe  as  a  result  of  the 
secondary  magnetic  field  associated  with  the 
eddy  currents  induced  in  the  material. 

Some  basic  features  of  the  impedance  of  the 
probe  with  and  without  the  presence  of  the 
material  are  illustrated  in  Figure  2a  for  fre¬ 
quencies  ranging  from  125  kHz  to  8000  kHz.  A 
normalized  impedance  diagram  of  the  same 
data  is  shown  in  Figure  2b,  together  with  the 
definition  of  the  liftoff  angle  (0).  Vernon  has 
shown  that  there  is  a  special  relationship 
between  this  liftoff  angle  and  the  material 
resistivity,'’  ’’  allowing  the  latter  to  be  deter¬ 
mined  in  isotropic  conductors. 


(a)  (b) 


Figure  2.  (a)  Reactive  and  resistive  components 
of  the  impedance  of  a  0.44-inch  O.D.  eddy 
current  probe  in  air  (dashed  lines)  and  on  a 
carbon-carbon  composite  (resistivity  of 
842  pt^cm).  The  frequencies  in  kilohertz  are: 

A,  125;  B.  250;  C,  500:  D.  1000:  E.  2000;  F. 

4000:  and  G.  8000.  (b)  Normalized  impedance 
diagram  for  data  in  (a). 


The  attenuation  of  the  electromagnetic  field 
inside  a  conductor  is  generally  expressed  by  111 
the  concept  of  a  “skin  depth.”  This  is  defined 
by 

6=1.98  (p/n’'2. 

where  skin  depth,  6,  is  in  inches,  resistivity,  p, 
is  in  pnem,  and  frequency,  f,  is  in  hertz. 
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Numerical  values  of  8  for  a  number  of  metals 
and  carbon-carbon  composites  are  shown  in 
Table  1  for  the  frequency  ranges  commonly 
available  in  our  measurement  system. 

It  is  noted  that  except  for  the  thickest  of  the 
carbon-carbon  panels,  the  skin  depth  is  usually 
greater  than  the  composite  thickness. 

Approaches  to  Electromagnetic 
Nondestructive  Evaluation 

The  extension  of  electromagnetic  non¬ 
destructive  testing  technology  from  metals  to 
carbon-carbon  composites  requires  a  recog¬ 
nition  of  the  difference  in  material  anomalies 
of  concern  in  the  two  classes  of  materials. 
The.se  are  listed  in  Table  2.  As  a  con.sequence 
of  these  differences,  our  approach  to  the 


evaluation  of  carbon-carbon  composites  is 
quite  different  from  the  conventional  practice 
on  homogeneous  metals. 

The  approach  is  based  on  measurement  of 
the  ahsolute  components  of  the  probe 
impedance.  As  in  metals,  this  impedance  is 
affected  by  the  resistivity  of  the  material  and 
the  measurement  frequency  which,  together, 
determine  skin  depth:  and  by  the  ratios  of  the 
probe  radius  and  the  material  thickness  to  the 
skin  depth.  In  addition,  the  anisotropy  of  the 
eddy  current  flow,  the  weak  coupling  between 
the  incident  electromagnetic  field  and  the 
composite  of  high  resistivity,  and  the  surface 
curvature  of  the  tubes  and  cone  are  all  issues  of 
concern. 

In  the  past  several  years,  significant 
advances  have  been  made  in  the  design  of  eddy 
current  probes  for  the  characterization  of 


Table  1.  Values  for  Skin  Depth  in  Metals  and  Carbon-Carbon  Composites 


Material 

Resistivity 

(pQcm) 

(40  kHz) 

Skin  Depth  (inch) 
(400  kHz) 

(4000  kHz) 

Aluminum 

4 

0.020 

0.006 

U.002 

.304-stainless 

steel 

70 

0.083 

0.026 

0.008 

Titanium 

6-A1-4V 

171 

0.129 

0.041 

0.013 

Isotropic 

Carbon-Carbon 

842 

0.287 

0.091 

0.029 

Carbon-Carbon 
P100/A240 
(Along  Fibers) 

250 

0.157 

0.050 

0.016 

Carbon-Carbon 
P100/A240 
(Tran.sverse  to 
Fibers) 

2600 

0.505 

0.160 

0.050 

Table  2.  Material  Conditions  and  Anomalies  of  Concern  Amenable  to  Electromagnetic 
Nondestructive  Evaluation  in  Metals  and  in  Carbon-Carbon  Composites 


Metals 

Composites 

Surface  Cracks 

Composition 

Cracks  Emanating  from  Bolt  Holes 

Homogeneity  of  Properties  and  Density 

Heat  Treatment  Effects 

Architecture 

Coating  Thickness 

Delamination 

Subsurface  Corrosion 

Voids 

Alloy  Composition 

Porosity 

Processing  Effects  on  Properties 

Fiber  Alignment 

Fiber  Wrinkles 

.V.SU’f,’  [Itiblfin'ri  rUvision 


composites."  Some  of  these  probes  are  shown 
in  Figure  3.  Recently,  probe  geometry  has  been 
developed"  approximating  a  pair  of  line 
sources  embedded  in  ferrite  cores  to  improve 
coupling  and  shielding.  Special  construction 
to  conform  to  curved  surfaces  has  also  been 
achieved.  Through  a  combination  of  data 
correlation  and  theoretical  analysis,  these 
probes  have  been  shown  to  allow  the  determi¬ 
nation  of  anisotropic  electrical  resistivities  in 
composites.  The  resi.stivity  determination 
method,  based  on  measurement  of  the  fre¬ 
quency  dependence  of  the  probe  impedance, 
follows  Vernon’s  technique  developed  for 
isotropic  materials.  In  thin  carbon-carbon 
composites  of  high  resistivity,  the  skin  depth  is 
usually  greater  than  the  material  thickness, 
requiring  detailed  consideration  of  material 
thickness  effects  in  our  measurements.  In  the 
next  section,  we  present  some  examples  of 
successful  applications  of  our  techniques. 

Orientation  Dependence  of  Resistivity 

Since  the  microstructure  of  fibers  in  a 
carbon-carbon  composite  is  highly  graphitic, 
the  electrical  resistivity  is  generally  aniso¬ 
tropic:  it  is  much  lower  in  the  fiber  direction 
than  transverse  to  this  direction.  In  Figure  4 
electrical  resistivity  is  shown  as  a  function  of 
the  angle  between  the  fiber  direction  and  the 
eddy  current  path  in  a  uniaxial  composite 
panel  with  PlOO  fibers  in  A240  pitch  matrix. 
The  resistivity  in  the  fiber  direction  is  about  a 
tenth  of  that  transverse  to  this  direction.  In 
addition,  the  orientation  dependence  is 


Figure  3.  Examples  of  White  Oak-designed 
eddy  current  probes  for  nondestructive  evalua¬ 
tion  of  carbon-carbon  composites.  The  larger 
one  is  a  ferrite-core  probe  approximating  two 
line  sources.  In  the  smaller  one,  the  coil  wind¬ 
ings  are  opposing  each  other  for  differential 
measurements. 


reasonably  well  described  by  the  expected 
behavior  of  a  second-order  tensor. 


Carbon-Carbon  Composite  Laminates 

Composites  are  usually  designed  to  have 
useful  properties  in  more  than  one  direction. 
For  this  purpose,  uniaxially  reinforced  layers 
are  fabricated  into  laminates  with  fiber  direc¬ 
tions  distributed  from  one  layer  to  another.  For 
these  laminates,  it  is  important  to  assess  prop¬ 
erties  one  layer  at  a  time.  Because  the  depth  of 
penetration  of  the  electromagnetic  field  can  be 
controlled  by  changing  the  frequency,  our 
techniques  allow  for  the  evaluation  of  electrical 
resistivity  and  its  anisotropy  as  a  function  of 
the  stacking  .sequence  in  a  laminate. 

An  example  of  such  an  application  is  shown 
in  Figure  5  for  a  stack  of  two  carbon-carbon 
layers  of  P100/A240  carbon-carbon  composite 
in  which  the  fiber  direction  of  the  top  layer  is 
orthogonal  to  that  of  the  bottom  layer.  It  is  .seen 
that  at  low  frequency  both  the  top  and  bottom 
layers  interacted  with  the  electromagnetic  field, 
exhibiting  an  apparent  4-fold  symmetric 
resistivity  for  the  laminate  as  a  whole.  On  the 
other  hand,  when  the  frequency  was  such  that 


Figure  4.  Variations  of  electrical  resistivity  as  i  \  3 
the  direction  of  eddy  current  flow  changes  from 
the  fiber  direction  («  =  0)  to  the  transverse 
direction  («  =  90):  o  =  measured  data.  The  con¬ 
tinuous  curve  shows  the  expected  variation  of  a 
.second-order  tensor,  based  on  dc  contact  mea¬ 
surements  at  «  =  0  and  «  =  90. 
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Figure  5.  Polar  plot  of  the  variations  of  electrical  resistivity  in  a 
two-layer.  P100/A240  carbon-carbon  composite  laminate,  as  the 
direction  of  the  input  electric  field  varies  on  the  surface  of  the 
laminate.  The  fiber  directions  in  the  top  layer  and  the  bottom 
layer  are  at  =  0  and  =  90.  respectively. 


only  the  top  layer  interacted  with  the  input 
field,  a  2-fold  symmetric  pattern  characteristic 
of  a  uniaxially  reinforced  top  layer  was 
observed. 

When  more  than  two  layers  are  present, 
inversion  schemes  capable  of  a  unique  deter¬ 
mination  of  the  resistivities  in  each  layer  are  as 
yet  unavailable.  The  extension  of  previous 
methods  for  the  inversion  of  eddy  current  data 
in  homogeneous,  isotropic  metals'-  '•*  to 
composites,  taking  into  account  the  three- 
dimensional  electromagnetic  interactions,'”' 
remains  an  area  of  active  research  that  should 
provide  further  insight  into  the  solution  of  this 
problem  in  the  future. 

Carbon-Carbon  Exit  Cone 

Lightweight,  high  temperature  resistant  exit 
cones  can  be  fabricated  by  a  technology  similar 
to  that  used  for  tubes.  As  mentioned  above,  it 
is  important  to  detect  nonuniform  areas,  which 
tend  to  be  present  in  the  region  joining  the 
cylindrical  and  conical  sections.  While 
114  immersion  ultrasound  is  useful  for  the 

evaluation  of  a  cone,  ultrasonic  evaluation  for 
these  regions  would  be  difficult  as  a  result  of 
the  refraction  of  the  ultrasonic  beam  associated 
with  the  rapidly  changing  surface  curvature. 
Eddy-current-based  techniques  offer  several 


advantages:  no  liquid  couplant  is  required:  and 
construction  of  eddy  current  probes  in 
conformity  with  complex  surface  geometry,  in 
contrast  to  its  ultrasonic  counterpart,  is  easier. 

Figure  6  shows  the  change  in  electrical 
resistivity  around  the  circumference  in  the 
region  of  largest  surface  curvature  between  the 
cylindrical  and  the  conical  sections  of  the  cone 
shown  in  Figure  1.  Two  independent  series  of 
measurements  resulted  in  the  data  represented 
by  the  symbols  □  and  O.  They  show'  a 
consistent  pattern  of  resistivity  variation  of  up 
to  10  percent  along  the  circumference  in  this 
part  of  the  cone.  Areas  of  high  resistivity 
appear  to  be  caused  by  nonuniform  fiber 
density  and  matrix  infiltration  that  occur 
during  the  manufacturing  process.  Research  is 
continuing  on  the  construction  of  polarization- 
sensitive.  differential  probes  and  the  support¬ 
ing  theoretical  analysis  in  order  to  separate  the 
effects  of  the  fibers  and  the  matrix. 


Thin-walled  Carbon-Carbon  IXibes 

In  order  to  achieve  the  required  mechanical 
stiffness  and  thermal  conductivity  for  satellite 
structural  application,  we  subject  carbon- 
carbon  tubes  to  heat  treatment  at  high  tempera¬ 
ture.  Rapid  verification  for  the  maturity  of  this 
heat  treatment  process  is  provided  by  testing 
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Figure  6.  Variation  in  the  electrical  resistivity  around  the  circum¬ 
ference  in  the  highly  curved  regions  between  the  cylindrical  top 
section  and  the  conical  base  in  the  thin-wall  carbon-carbon  cone 
shown  in  Figure  1. 
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Table  3.  Axial  Electrical  Resistivity  and  Young  Modulus  in  Carbon-Carbon  Tubes 
at  Two  Different  Heat  Treatment  Temperatures 


Heat  Treatment 
Conditions 

lOOC  Below  Requirement 
Required  Temperature 


Electrical  Resistivity 
(micro-01im*cm) 

1281.5  ±  7 
939.4  ±  9 


Elastic  Modulus  (MSI) 
(Compression)  (Tension) 
30.1  ±  1.3  29.8  ±  1.9 

33.0  ±  1.7  33.9  ±  1.8 


for  the  axial  electrical  resistivity  of  these  tubes, 
since  the  degree  of  graphitization  in  the  fibers 
progresses  with  the  heat  treatment  temperature 
and  heating  time. 

Table  3  shows  the  results  for  two  sets  of 
tubes.  One  set  was  heat  treated  at  the  required 
temperature.  The  other  was  heat  treated  at 
100  degrees  C  below  that  temperature  for  the 
same  amount  of  time. 

It  is  seen  that  the  resistivities  changed  by 
20  percent  as  a  result  of  the  difference  in  heat 
treatment  temperature.  Table  3  also  includes 
the  results  of  mechanical  testing  (performed  at 
Southern  Research  Institute,  Birmingham, 
Alabama),  showing  the  corresponding  increases 
in  the  Young  Modulus  in  tension  and  in 
compression  for  the  tubes  heat  treated  at  the 
higher  temperature.  Our  techniques  should  be 
useful  for  detecting  departures  ftom  proper  heat 
treatment  time  and  temperature,  as  well  as  for 
assessing  potential  variations  in  the  material 
state  from  one  part  of  a  tube  to  another. 


Summary 

Several  applications  of  electromagnetic  non¬ 
destructive  evaluation  technology,  developed 
at  White  Oak  for  thin-walled  carbon-carbon 
composites,  are  reported  in  this  article. 

Through  a  combination  of  probe  design  for 
anisotropic  conductors  and  theoretical  model¬ 
ing,  we  have  succeeded  in  extending  eddy 
current  testing  technology  for  characterizing 
the  heat  treatment  states  of  carbon-carbon 
tubes,  for  detecting  porosity  in  regions  of  large 
surface  curvature,  and  for  characterizing  the 
stacking  sequence  in  laminates.  Correlation 
between  the  mechanical  stiffness  properties 
and  the  eddy  current  testing  results  is  very 
good.  Further  development  of  this  technology 
is  continuing  at  White  Oak  for  future  DoD  and 
NASA  applications. 
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Experimental  Protective  Coatings 
Exposed  to  Space  Environment  Aboard 
Atlantis 

John  V.  Foltz 


The  White  Oak  Detachment  submitted  27  specimens  for  space 
flight  STS-46  exposure  on  the  space  shuttle.  The  samples  included 
various  carbide,  oxide,  phosphate  coatings  under  development  to 
protect  structural  and  thermal  management  components  from  the 
atomic  oxygen  present  in  low-earth  orbits,  structural  carbon- 
carbon  composite  material,  and  a  space  mirror  made  of  foam 
metal-matrix  composite.  The  samples  returned  from  the  orbital 
exposure  are  currently  being  analyzed  to  determine  the  degree  of 
reactivity  with  the  space  environment. 


Introduction 

In  July  1992,  the  space  shuttle  program  launched  STS-46  on  an  eight-day 
mission.  The  flight  was  intended  to  accomplish  a  number  of  objectives.  A 
retrievable  platform  carrying  various  experiments  was  to  be  placed  in  orbit. 
This  platform,  called  EURECA.  would  be  brought  back  by  another  shuttle  in 
1993.  The  feasibility  of  deploying  a  satellite  on  a  tether  was  to  be  explored.  A 
number  of  cargo  bay  and  middeck  payloads,  to  be  activated  by  the  astronauts, 
were  on  the  manifest. 

The  White  Oak  Detachment  participated  in  the  STS-46  mission.  One  of  the 
cargo  bay  payloads  was  an  experiment  in  which  samples  of  various  materials 
would  be  exposed  to  the  space  environment  and  returned  to  the  ground  for 
postflight  analyses  of  their  reaction.  Motivated  by  a  need  to  develop  coatings 
to  protect  spacecraft  components  made  of  advanced  composite  materials 
against  the  atmosphere  of  low  earth-orbit,  the  White  Oak  Detachment  submit¬ 
ted  test  samples  for  this  experiment.  The  returned  samples  are  currently 
undergoing  analyses.  This  article  provides  background  information  about  the 
shuttle  flight  and  documents  the  materials  exposed  in  our  investigations. 


Background 

The  Problem 

Materials  are  affected  by  the  thin  upper  atmosphere.  Many  polymers  and 
118  some  metals  that  returned  from  the  first  shuttle  flights  exhibited  signiflcant 

changes  in  surface  properties  attributed  to  the  orbital  environment.  Suscepti¬ 
bility  to  atomic  oxygen  seemed  the  most  plausible  explanation  for  the  effects 
observed. 

Early  satellite  measurements  had  revealed  that  the  neutral  oxygen  atom  is 
the  predominant  species  in  the  upper  atmosphere  (200  km  to  600  km),  formed 
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at  these  altitudes  through  the  dissociation  of  O2 
by  ultraviolet  radiation.  Atomic  oxygen  in  the 
ground  state,  0(^P),  is  a  strong  oxidizing  agent. 
Oxidizing  effects  from  laboratory  experiments 
with  atomic  oxygen  were  reported  in  the  litera¬ 
ture  well  before  the  first  shuttle  flight.^ 

Concentration  of  oxygen  atoms  is  low  at  alti¬ 
tudes  above  200  km,  but  a  spacecraft  suffers  a 
significant  incident  flux  by  virtue  of  its  orbital 
speed.  The  flux  may  be  estimated  from  the 
atomic  oxygen  density^  and  the  vehicle  speed, 
typically  8  km/sec.  Table  1  gives  some  repre¬ 
sentative  numbers  for  two  altitudes.  The  flu- 
ence,  or  total  number  of  particles  impacting  a 
unit  area  over  an  extended  exposure,  is  the 
time-integrated  flux.  The  collision  energy  of 
the  atom  with  the  spacecraft  is  5  eV. 


Table  1.  Atomic  Oxygen  Flux  versus  Altitude 


Altitude 

(km) 

Density 
(atoms  cm'^) 

Flux 

(atoms  cm'^  sec'*) 

200 

5  X  10^ 

4  X  10*^ 

600 

5  X  10“ 

4  X  10*2 

Aldinii  oxynon  (l(‘nsilv  from  Kt'ftTonco  2. 


Previous  Flight  Experiments 

In  the  early  1980s,  NASA  began  developing 
flight  experiments  to  address  the  atomic  oxygen 
problem.  The  approach  was  to  use  the  shuttle 
to  convey  samples  to  the  space  environment, 
where  they  would  be  exposed  in  a  known  man¬ 
ner  and  then  returned  to  Earth  for  postflight 
analyses.  The  experiments,  known  as  EOIM.  or 
Evaluation  of  Oxygen  Interactions  with 
Materials,  were  characterized  by  exposures  of 
short  duration,  typically  lasting  about  40  hours. 
In  the  mid-1980s,  NASA  also  developed  the 
LDEF,  or  Long  Duration  Exposure  Facility,  to 
provide  information  about  the  effects  of  much 
longer  exposures.  The  LDEF  was  a  retrievable 
platform  on  which  samples  were  mounted, 
placed  in  orbit  by  one  shuttle,  and  recovered 
months  later  by  another. 

In  the  1980s,  two  flights  occurred  in  the 
EOIM  series.  EOIM-1  and  EOIM-2  evaluations 
were  performed  on  the  fifth  (STS-5)  and  eighth 
(STS-8)  shuttle  missions.  The  results  of  the 
EOIM  investigations  provide  much  of  the  cur¬ 
rent  information  regarding  reactivities  of  mate¬ 
rials  with  atomic  oxygen  in  the  low-earth-orbit 
environment.^  STS-5  carried  about  60  samples 
and  STS-8  over  300.  Diagnostic  investigations 
ranging  from  mass  change  and  surface  mor¬ 
phology  to  surface-chemistry  changes  were 


conducted  on  the  exposed  surfaces  after  the 
flights.  Although  the  exposure  times  were 
comparable  for  both  missions,  a  difference  in 
flight  altitudes  (300  km  for  STS-5  compared  to 
225  km  for  STS-8)  resulted  in  total  accumulat¬ 
ed  fluences  of  1.0  x  10^°  and  3.5  x  10^”  for 
STS-5  and  STS-8,  respectively.  Surface  reces¬ 
sion  (or  thickness  loss)  for  reactivi;  materials,  as 
determined  from  change  in  mass  of  the  speci¬ 
mens.  was  found  to  be  proportional  to  the 
fluence.  Qualitatively,  the  findings  are:'"^ 

(1)  organics  (materials  containing  only  carbon, 
hydrogen,  oxygen,  or  nitrogen)  have  high  reac¬ 
tion  rates;  (2)  perfluorinated  and  silicone  poly¬ 
mers  are  more  stable  than  the  organics  by  at 
least  a  factor  of  50:  (3)  macroscopically,  metals, 
except  for  osmium  and  silver,  are  stable. 

The  LDEF  was  placed  into  orbit  in  April 
1984.  Originally  intended  to  be  one  year,  the 
exposure  actually  lasted  for  almost  six  years. 
LDEF  contained  57  experiments  with  over  200 
principal  investigators  and  more  than  10.000 
test  samples.  While  many  LDEF  studies  are 
still  in  progress,  results  to  date  have  given  valu¬ 
able  information  on  long-term  performance  in 
orbit  and  resulted  iit  lessons  learned.-^ 


Details  Of  Current  Flight  Experiment 

The  EOlM-3  experiment  was  conducted  on 
the  49th  overall  flight  of  the  space  shuttle  pro¬ 
gram  as  part  of  the  STS-46  mission,  summa¬ 
rized  in  Table  2.  Launch  and  landing  were  at 
the  Kennedy  Space  Center  in  Florida.  The 
director  of  EOIM-3  is  L.  J.  Leger  of  the  Johnson 
Space  Center.  Sample  spaces  were  allocated  to 
the  various  NASA  agencies,  the  Department  of 
Defense  (with  the  lead  laboratory  being  The 
Aerospace  Corporation),  the  University  of 
Alabama  in  Huntsville,  the  European  Space 


Table  2.  STS-46  Mission  Summary 


Flight  Date; 
Orbiter: 

Mission  Duration: 
Miles  Traveled: 
Orbits  of  Earth: 
Orbits; 


Crew: 


31  Jul  1992-8  Aug  1992 
Atlantis  (Twelfth  Flight) 

8  Days 
3.5  Million 
126 

230  nm  x  230  nm  (EURECA*) 
160  nm  X  160  nm  (TSS**) 

124  nm  x  124  nm  (EOIM-3) 
Loren  J.  Shriver  (Commander) 
Andrew  M.  Allen  (Pilot) 
Claude  Nicollier 
Marsha  S.  Irvins 
Jeffrey  A.  Hoffman 
Franklin  R.  Chang-Diaz 
Franco  Malerba 


*  European  Retrievable  Carrier  Platform 
**  Tethered  Satellite  Sy.stem 
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Agoncy.  ('aniula.  and  lapan.  Overall,  niorj;  than 
1 100  samples  were  submitted.  White  Oak.  the 
only  Navy  lalmratory  to  participate,  did  so 
under  the  auspices  of  I’he  Aerospace 
(Corporation. 

\Vhite  Oak  investigators  need  to  know  the 
reaction  rates  of  certain  candidate  materials  for 
protectiv*)  coating  systems.  Samples  consisted 
of  flat  substrates  on  which  experimental  coat¬ 
ings  were  deposited.  The  list  of  coatings  and 
substrates  is  given  in  Tahh;  2.  Two  materials 
were  tested  as  monolithic  discs. 

The  substrates  were  of  AXF-.iQ  polycrys¬ 
talline  graphite  made  by  Poco  Oraphite.  Inc... 
carhon-carl)on  composite  material  (0-0)  made 
by  Kaiser  Aerotech.  or  silicon  carbide  alu¬ 
minum  metal-matrix  composite  material  made 
by  Advanced  (Composite  Materials  (Corporation. 
Polycrystalline  graphite  was  chosen  as  a  sub¬ 
strate  for  basic  research  mat(!rials  because  it  is 
inexpensive,  readily  polished,  and  has  a  low 
thermal  expansion  coefficient  similar  to  the 
coatings  placed  on  it.  (Carhon-f:arhon  compos¬ 
ite  is  being  developed  for  spacecraft  applica¬ 
tions  and  is  repre.sentative  of  an  engineering 


Table  3.  White  (Dak  Samples  on  Ambient 
Temperature  I'ray  Number  12 


(Coating 

Undercoat 

Substrate 

TiC 

— 

l’()C() 

V(C 

— 

F()(C() 

TIH2 

— 

l>(KC() 

Ti(C 

— 

i’(k:() 

— 

— 

NiAl 

Nilte 

— 

l’(l(C() 

Ti2Hel7 

— 

l>()(CO 

V 

— 

I’OCO 

Cr 

— 

I’OCO 

.Si-.SiC* 

— 

(C-(C 

Kh 

Si-.SiC* 

(:-(c 

.Si02 

.Si-Si(C* 

(;-(c 

Al2():t 

.Si-.Si(C* 

(C-(C 

— 

— 

(C-(C 

/.rl'207 

— 

(C-C 

.Si()2 

/,rl'2()7 

(C-(C 

.Sil»207 

— 

c-c 

.Si()2 

.Sil’2()7 

(C-(C 

All’tM 

— 

(C-(C 

.Si(l2 

All»04 

(C-(C 

Ni 

•  Si-Sif;  is  .1  ( »»•! 

Ifliosilft)  (M.lItTi.ll 

SiC/AI 

.structural  material.  (Carbon-based  materials  in 
general  will  require  an  undercoat  for  atomic 
oxygen  protection  and  an  overcoat  for  thermal 
control.  The  metal  matrix  composite  substrate 
is  actually  a  prototype  space  mirror,  consisting 
of  a  foam  SiC/AI  core  with  a  face  sheet  of  opti¬ 
cal  grade  SiCC/Al. 

The  samples  were  fabricated  in  the  form  of 
small  discs  1/2  inch  in  diameter.  The  fixture 
that  holds  samples  during  the  space  exposure  is 
shown  in  Figure  1.  (Control  samples  were  fabri¬ 
cated  for  comparison  with  exposed  materials. 
When  the  .sample  size  permitted,  two  samples 
of  ciach  material  were  flown  in  the  same  fixture: 
the  evaluation  sample  flown  face  up  and 
expo.sed  to  the  oxygen  stream,  and  the  flight- 
control  sample  mounted  face  down  in  the  tray. 
The  thickness  of  the  SiC/Al  mirror  prohibited  a 
flight  control  .sample  for  this  material. 

All  samples  wore  photographed  and  weighed 
before  assembly  into  the  flight  trays.  Figure  2 
shows  a  sample  being  loaded.  Fully  loaded, 
ambient  temperature  tray  no.  12  held  82  sam¬ 
ples  from  While  Oak  and  Aerospace  Corpora¬ 
tion.  The  assembled  tray  and  all  associated 
hardware  were  placed  in  a  vacuum  chamber  on 
a  table  maintained  at  6.5 °C  and  outgassed  for 
72  hours.  Three  trays  were  designed  with 
heaters  to  hold  samples  in  orbit  isothermally  at 
60°(C.  120°C.  or  200°C  in  order  to  assess  the 
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Figure  1.  Dimensions  of  sample  holder  on  car¬ 
rier  tray. 


Figure  2.  Sample  carrier  tray  No.  12  (unloaded). 
(Photo  courtesy  of  The  Aerospace  (Corporation.) 


■VStlT.’  Ihihli’n-n  Division 


offecl  of  t(!ni|i(!r€it(ir<!  on  inat(?rii(l  roaction  nitus. 
Tid  and  \'i'.  coating  samples  wort!  exposed  on 
each  of  the  three  elevated  temperature  trays. 
Flight  control  .samples  were  not  used. 

The  (pudification  hardvvarti  is  shown 

in  Figure  ;t  mounted  on  a  table  for  a  vibration 
test.  Fifteen  ambient  temperature  trays  (sans 
speciimms)  are  in  the  foreground.  The  three 
elevated-temperature  trays  are  visible  at  tin;  top 
of  the  as.semhly  on  the  right-hand  side.  The 
flight  hardware,  a  duplicate  of  this  a.ssemhiy.  is 
mounted  on  a  truss  support  structure  located  in 
the  aft  region  of  the  ori)iter  cargo  hay  (F'iguni  4). 
This  arrangemumt  is  intended  to  minimi/.e 


reflection  of  the  incoming  atomic  oxygen  Ilux 
and  position  samples  for  direct  impingiMmmt. 

In  previous  flight  experiments,  calculations 
based  on  modids  of  the  Farth's  atmosphere 
were  u.sed  to  estimate  atomic  oxyg(m  flux  dur¬ 
ing  the  exposure  period,  leading  to  an  uncer¬ 
tainty  in  fluence  on  the  order  of  15  to  20  per¬ 
cent.  Reaction  rate  determinations  from  FfJIM- 
3  are  expected  to  he  more  accurate  than  those 
yielded  hy  earlier  flight  evaluations  due  to  the 
use  of  an  ion-neutral  mass  spiictrometer  to  im^a- 
sure  the  incoming  atomic  oxyg«!n  atom  flux  in 
situ.  In  Figure  2.  the  mass  sp(!ctrometer  is  on 
the  left. 


Figure  3.  Qualification  test  setup  for  EOIM-3.  (Photo  courtesy  of  NASA.) 


Figure  4.  Location  of  FOIM-.l  on  shuttle  is 
shown  by  arrow.  (Photo  courtesy  of  NASA.) 


Results 

A  high  percentage  of  the  STS-4fi  secondary 
payloads  sui:cessfuily  ac.complished  their  pur¬ 
pose.  TIu!  FUREf'.A  retrievable  platform  was 
placed  in  orbit.  Attempts  to  deploy  the 
Tethered  Satellite  System  were  not  fully  suc¬ 
cessful  due  to  a  problem  with  the  tether  nad 
mw.hanism.  The  crew  was  able  to  cast  the 
.satellite  out  to  only  a  small  fraction  of  the 
intended  length.  The  EC)IM-3  experiment  was 
execaited  largely  as  intended,  although  the  start 
was  delayed.  The  experiment  was  initiated  by 
Atlantis’  crew  tin  the  sixth  day  of  flight.  The 
shuttle  was  lowenid  to  an  altitude  of  Z.'K)  km 
and  oriented  nose-to-earth  with  the  cargo  hay 
facing  into  the  velotdty  vtictor.  The  cargo  hay 
doors  were  opened  and  the  samples  were 
exposed  for  42  hours.  The  exposure  provided  a 
f:alt:ulated  atomic  oxygen  fluence  of 
1.99  X  10^*'  atomsfem^.  based  on  values  of  solar 
ai;tivity  predit:ted  before  the  flight.  Residts  of 
the  mass  spectrometer  measunmmnts  were  not 
available  at  this  writing. 
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Afti^r  roturn  ti)  oartli.  tin?  samples  won? 
unloadod  and  the  trays  distribulod  to  tho  prin¬ 
cipal  investigators.  This  process  took  approxi¬ 
mately  tliree  weeks.  Preliminary  postHight 
analyses  of  all  DOU  samples  were  conducted  at 
The  Aerospace  ('orporation.  Initially,  all  sam¬ 
ples  were  photographed,  dessicated.  and 
weighetl.  Scanning  electron  microscopy  ohser- 
vations  were  recortled. 

Photographs  of  four  samples  taken  postllight 
are  shown  in  Figure  .'i.  The  experimental  sam¬ 
ple  and  the  flight  control  sample  are  presented 
together  for  comparison.  The  test  results  con¬ 
firm  that  the  ha.seline  carhon-carhon  composite 
was.  as  expected,  susceptible  to  atomic  oxygen 
attack.  Etching  of  the  uncoated  composite  is 
clearly  visible  in  Figure  5a  as  a  darkened  ring 
inside  the  area  protected  by  the  flange  that  held 
the  .sample  in  place.  Overall,  eight  of  the  other 
twenty  test  samples  on  the  ambient  tray  exhib¬ 
ited  obvious  effects  of  exposure  to  the  space 
environment  in  a  visual  examination.  Fig¬ 
ure  5b.  c.  and  d  shows  the  results  for  three  of 
the  test  coatings. 
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Figure  5.  Four  samples  exposed  to  the  space 
environment.  (I’hoto  courtesy  of  The  Aerospace 
('orporation.) 


Future  Work 

The  .samples  were  returned  to  White  Oak  in 
early  1993.  and  detailed  in-house  analy.ses  are 
in  progress.  Mitxo.scopy  (electron  or  optical) 
will  be  the  initial  diagnostic  tool.  Other  analyt¬ 
ical  methods  such  as  x-ray  photoelectron  spet;- 
tro.scopy.  Rutherford  backscattering  spectrome¬ 
try.  or  atomic  force  microscopy  will  be 
employed  as  appropriate.  Integrated  scattering 
and  diffuse  reflectance  measurement  tech¬ 
niques  are  useful  in  characterizing  the  space 
mirror.  whit:h  was  intitiall\'  polished  to  a  spec¬ 
ular  finish. 


Summary 

The  White  Oak  Detachment  submitted  27 
samples  for  a  materials  science  experiment 
aboard  the  space  shuttle  on  mission  STS-46. 
These  samples  are  being  evaluated  as  protective 
coating  materials  by  determining  their  reactivi¬ 
ty  with  the  low-earth-orbit  atmosphere  in  a 
space  flight  exposure.  The  space  flight  expo¬ 
sure  has  been  successfidly  accomplished  and 
the  .samples  returned  to  earth  for  analyses. 
Preliminary  results  indicate  that  some  of  the 
materials  reacted  significantly  with  the  space 
environment.  The  ultimate  goal  is  to  determine 
how  materials  deteriorate  so  they  can  be 
designed  for  longer  surv  ival  in  space. 
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Ion-Beam  Materials  Analysis  And 
Modification 

David  J.  Land.  Jack  L.  Price.  Donald  G.  Simons.  Noel  A.  Guardala.  and 
Stanley  H.  Stern 


An  ion  beam  impinging  on  the  surface  of  a  solid  material  proves 
to  be  a  powerful  tool  for  the  modification  and  nondestructive 
analysis  of  the  surface  layers  of  the  material.  By  observing  the  ener¬ 
gy  spectrum  of  the  scattered  particle,  or  the  products  emitted  from 
nuclear  nr  atomic  reactions,  information  concerning  the  composi¬ 
tion  and  stoichiometry  of  the  target  can  be  deduced  as  a  function 
of  near-surface-layer  thicknesses.  Several  systems  which  have 
been  studied  at  White  Oak  are  discussed  in  this  article.  As  an 
example  of  ion-beam  analysis,  layers  of  quarter-wavelength  zinc 
sulfide  and  aluminum  oxide  designed  by  the  Naval  Air  Warfare 
Center.  China  Lake,  California  and  proposed  for  use  as  mirror  coat¬ 
ings  in  the  advanced  beam  control  system  were  characterized  to 
confirm  the  layer  thicknesses  and  desired  stoichiometry.  The  alu¬ 
minum  oxide  layer  was  found  to  have  50  percent  bulk  density, 
thereby  indicating  susceptibility  to  damage.  As  an  application  of 
ion-beam  modification,  recently  initiated  studies  indicate  the 
potential  for  bulk  diamonds  to  be  recrystallized  following  the  ion 
implantation  of  energetic  carbon. 


Introduction 

The  development  of  increasingly  sophisticated  and  advanced  materials  for 
both  macroscopic  and  microscopic  applications  continues  at  a  fast  pace.  For 
many  applications,  the  use  of  a  positively  charged  ion  beam  plays  a  significant 
role  in  two  distinct  ways.  Ions  having  energies  from  several  thousand  to  many 
million  electron  volts  can  be  injected  into  the  surface  layers  of  materials  to 
produce  altered  material  properties  or  desired  electronic  characteristics.  This 
implantation  can  be  done  in  a  very  controlled  way,  since  the  behavior  of  these 
energetic  ions  in  materials  is  fairly  well  understood.  In  addition,  the  use  of 
energetic  ion  beams  impinging  on  material  surface  layers  serves  as  the  basis  of 
several  very  important  analysis  techniques.  Through  the  observation  of  the 
energy  spectrum  of  the  scattered  particles  or  of  the  products  of  atomic  and/or 
nuclear  reaction  processes,  information  related  to  the  stoichiometry  and  com¬ 
position  of  these  layers  can  be  inferred. 

In  this  article  we  describe  some  of  our  efforts  related  to  materials  modifica¬ 
tion  and  analysis  through  the  use  of  ion-beam  interactions.  Initial  work  was 
124  done  with  the  Division’s  2.5-MeV  Van  de  Graaff  Accelerator,  but  more  recently 

with  the  3-Million-Volt  Positive-Ion  Tandem  Accelerator,  which  replaced  it  in 
1990.  The  Van  de  Graaff  Accelerator  was  constructed  45  years  ago  and  had 
been  in  continuous  use  since  1962.  A  brief  characterization  of  the  interaction 
of  ion  beams  with  materials  is  presented  in  the  next  section  in  order  to  illus¬ 
trate  its  relation  to  ion-beam  modification  and  analysis.  A  discussion  of  the 


.V.SltT,'  Oahlfircn  Division 


analysis  ter.hniques  is  also  given.  An  account 
of  several  selected  studies  performed  over  the 
past  few  years  follows  in  subsequent  sections. 

A  final  section  summarizes  the  overall  thrust  of 
this  effort. 


Interaction  of  Particles  With  Matter 

When  an  energetic  projectile  Impacts  a  tar¬ 
get,  it  interacts  in  many  different  ways  with  the 
atoms  of  the  target.  The  projectile  can  scatter 
from  the  atom  as  a  whole;  it  can  cause  excita¬ 
tion  of  the  target  electrons  as  well  as  its  own 
electrons  in  processes  involving  electron  cap¬ 
ture  and  loss:  and  the  projectile  nucleus  can 
interact  directly  with  the  nucleus  of  the  target 
atom,  resulting  in  nuclear  reactions.  A  specific 
process  occurs  only  rarely.  Certain  of  these 
processes  that  are  particularly  useful  in  materi¬ 
al  analysis  are  discussed  below.  In  a  general 
sen.se,  however,  one  can  identify  two  classes  of 
processes  that  occur  continuously  and  result  in 
energy  loss  or  slowing  down  of  the  projectile. 

A  projectile  having  a  velocity  much  greater 
than  the  velocity  of  the  target  electrons  loses 
most  of  its  energy  through  the  excitation  (and 
ionization)  of  the  electrons  of  the  target  atoms. 
The  projectile  travels  through  the  target  in  near¬ 
ly  a  straight  line.  As  the  projectile  slows,  a  sec¬ 
ond  interaction  becomes  effective;  the  projec¬ 
tile  scatters  from  the  target  atom  as  a  whole 
through  some  effective  interatomic  potential. 
Initially,  at  the  higher  velocities,  it  undergoes 
many  small  angle  scatterings,  causing  .small 
deviations  from  the  straight-line  trajectory  and 
resulting  in  small  energy  losses.  But  at  lower 
velocities  many  close  collisions  involving 
large-angle  scatterings  and  large  energy  losses 
from  target  atoms  take  place,  with  the  projectile 
finally  coming  to  rest.  The  ability  of  the  target 
to  slow  a  projectile  is  termed  stopping  power. 

In  most  applications,  the  stopping  power  is 
separated  between  that  caused  by  electronic 
excitation  (termed  electronic  stopping)  and  that 
caused  by  the  scattering  from  the  target  atom  as 
a  whole  (termed  nuclear  stopping).  The  two 
interactions  are  usually  combined  additively. 

If  the  stopping  power  of  a  target  material  for  a 
given  projectile  is  known,  then  the  range  of  the 
projectile  can  be  calculated  with  the  help  of 
suitable  transport  theory. 

Use  of  Ion  Beams  for  Materials  ModiBcation 

The  ability  to  implant  a  given  ion  into  a 
.solid  .sample  to  a  desired  depth  forms  the  basis 
for  the  u.se  of  ion  beams  for  material  modifica¬ 
tion.  The  introduction  of  foreign  or  dopant 
atoms  can  alter  the  local  physical  or  chemical 
properties  of  the  target.  Thus,  suitably  chosen 


projectiles  giving  rise  to  known  desirable  elec¬ 
tronic  or  material  characteristics  are  implanted 
in  the  target.  A  series  of  implants  at  suitably 
chosen  energies  can  be  employed  to  develop 
tailored  implant  profiles.  It  should  be  clear  that 
the  ability  to  implant  ions  at  a  desired  depth  in 
the  target  depends  critically  on  knowledge  of 
the  stopping  power.  This  field  of  research  has 
been  very  active  for  many  years  and  there  has 
been  significant  experimental  and  theoretical 
effort  in  this  area  at  White  Oak.’  -^-^ 

One  of  the  earliest  and  still  one  of  the  most 
important  applications  of  ion  implantation  is 
the  formation  within  the  target  of  one  or  more 
p-  or  n-type  layers  as  appropriate  for  the  pur¬ 
pose  of  fabricating  an  electronic  device.  The 
earliest  transistors  were  developed  through  the 
use  of  diffusion  techniques  to  introduce  dopant 
atoms  into  the  semiconductor.  However,  these 
techniques  lack  the  precise  control  over  the 
position  of  the  dopant  layer  that  is  required  by 
the  microdevices  of  today.  Ion  implantation 
allows  for  the  required  precision. 

Another  general  application  of  ion  implanta¬ 
tion  concerns  the  alteration  of  the  surface  of  a 
material  to  yield  higher  resistance  to  wear, 
scratching,  or  corrosion.  To  consider  some  spe¬ 
cific  illu.strations,'*  the  corrosion  resistance  of 
palladium-implanted  titanium  was  shown  to 
increase  by  three  orders  of  magnitude  over 
unlmplanted  samples.  As  another  example, 
nitrogen-implanted  alloy  parts  used  as  artificial 
hip  joints  promise  improvement  in  lifetimes 
with  increases  up  to  a  factor  of  four  hundred. 
Also,  the  use  of  nitrogen  atom  implants  has 
been  shown  to  produce  tools  having  a  longer 
useful  lifetime  because  of  reduced  wear.  Steel 
surfaces  implanted  with  titanium  and  carbon 
have  yielded  coefficients  of  friction  about  half 
those  of  unimplanted  surfaces.  These  are  but  a 
few  instances  that  illustrate  the  benefits  of  ion 
implantation  for  both  commercial  and  potential 
military  applications. 

Use  of  Ion  Beams  for  Materials  Analysis 

As  di,scussed  above,  as  a  projectile  traverses 
a  target  many  different  interactions  with  the 
constituents  of  the  target,  both  atomic  and 
nuclear,  elastic  and  inelastic,  take  place. 

Among  the  atomic  interactions,  two  specific 
kinds  of  events  lead  to  highly  useful  material 
analysis  techniques:  backward-angle  scattering 
and  the  production  of  atomic  inner-shell  vacan¬ 
cies.  In  addition,  certain  purely  nuclear  inter¬ 
actions  are  effective  for  analysis.  An  important 
advantage  in  employing  a  beam  of  heavy  ions 
for  analysis  is  that  background  radiation  levels 
are  usually  low.  in  contrast  to  what  would  be 
obtained  from  an  electron  beam.  In  addition, 
the  fact  that  high-velocity  heavy  ions  move  in 
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straight-line  trajectories  provides  considerable 
simplification  to  the  analysis. 

VVhile  the  majority  of  elastic  scattering 
events  at  high  projectile  velocity  produce  no 
change  in  direction  of  the  projectile,  occasion¬ 
ally  the  projectile  will  approach  the  nucleus 
closely  enough  to  lead  to  a  violent  scattering  in 
the  backward  direction.  These  events  form  the 
basis  of  Rutherford  backscattering  spectrometry 
(RBS),  for  which  protons  or  helium  (He)  nuclei 
are  most  frequently  chosen  for  projectiles.  This 
scattering  is  like  a  billiard  ball  collision:  a  scat¬ 
tered  projectile  has  more  energy  if  it  scatters 
from  a  heavier  target  atom  than  from  a  lighter 
one.  Thus,  from  the  measurement  of  the  energy 
spectrum  of  the  scattered  particles,  knowledge 
of  the  composition  and  stoichiometry  of  the  tar¬ 
get  material  as  a  function  of  depth  can  be 
inferred.  Since  the  violent  collisions  that  give 
rise  to  scattering  in  the  backward  direction  are 
rare,  the  observed  event  is  most  likely  a  single 
.scattering,  thus  simplifying  the  analysis.  The 
basic  analysis  tool  is  a  computer  code  which 
produces  a  simulated  spectrum  based  upon  an 
assumed  stoichiometry.  By  comparing  the  sim¬ 
ulated  and  measured  spectra  and  by  adjusting 
the  input  parameters  for  the  simulation,  the  sto¬ 
ichiometry  of  near-surface  layers  can  be 
inferred.  In  constructing  this  spectrum,  a 
knowledge  of  the  stopping  power  of  the  target 
is  paramount.  The  basic  atomic  interaction  in 
this  process  is  Rutherford  scattering  of  the  pro¬ 
jectile  nucleus  from  the  target.  This  process  is 
well  understood  and  can  be  calculated  quanti¬ 
tatively.  although  in  some  specific  situations 
the  potential  from  the  atomic  electrons  can 
influence  the  process. 

A  second  technique  stems  from  the  observa¬ 
tion  of  the  energy  spectrum  of  the  x-rays  that 
are  produced  when  the  projectile  knocks  out  an 
electron  from  an  inner  shell  of  a  target  atom. 
When  such  a  vacancy  is  created,  the  atom  can 
de-excite  by  emitting  an  electron  or  an  x-ray. 
The  energy  of  either  is  quite  specific  to  the  tar¬ 
get  atom  in  question.  While  both  are  observed, 
it  is  generally  easier  to  obtain  a  clean  x-ray 
spectrum.  In  order  to  determine  stoichiometry 
quantitatively  in  this  method,  preci.se  knowl¬ 
edge  of  the  x-ray  production  rates  is  required. 
This  rate  is  closely  associated  with  the  ion- 
induced.  inner-shell  vacancy-production  cross 
section.  We  have  also  conducted  intensive 
experimental  and  theoretical  re.search  in  this 
area.'’  *’-^  The  combination  of  this  technique, 
called  particle-induced  x-ray  emission  (FIXE). 

126  with  RBS  serves  as  a  powerful  method  of  deter¬ 
mining  the  atomic  species  composition  and 
depth  di.stribution  from  the  first  50  to  100 
Ang.stroms  to  1  or  2  micrometers.  Note  that 
both  of  the.se  techniques  are  generally  nonde- 
■structive  in  that  the  target  .sample  remains  at 
least  materially  unscathed  and  is  available  for 
further  investigation. 


Some  Specific  Studies 

The  investigations  mentioned  above  deal 
with  issues  of  a  basic  scientific  nature. 

However,  the  primary  goal  of  this  overall  pro¬ 
gram  is  to  use  available  techniques  in  pursuit  of 
solutions  to  Navy  and  other  problems  that  arise 
in  the  materials  community.  In  this  section,  we 
discuss  .several  such  studies  involving  thin-film 
layers  used  as  sputter  standards,  mirror  coat¬ 
ings.  and  superconductors. 

Characterization  of  Sputter  Standards 

It  was  explained  above  that  a  projectile  tra¬ 
versing  a  solid  material  at  low  energy  (low 
velocity)  undergoes  many  large-angle  scatter¬ 
ings.  If  a  solid  is  bombarded  by  projectiles  at 
low  energy,  then  these  scattering  events  occur 
near  the  surface  and  there  is  the  possibility  that 
either  the  projectile  it.self  or  one  of  the  recoiling 
target  atoms  will  knock  other  target  atoms  out 
of  the  material.  This  process  is  termed  sputter¬ 
ing.  Surface  erosion  by  sputtering  is  routinely 
used  for  a  variety  of  materials  analyses  and 
preparation  methods.  For  example,  composi¬ 
tional  depth  profiles  can  be  determined  by  sur¬ 
face  analysis  techniques  such  as  Auger  electron 
spectroscopy  or  by  secondary  ion  mass  spec- 
tro.scopy  in  combination  with  progressive  sur¬ 
face  layer  removal  by  sputtering.  Thin  surface 
layers  are  often  prepared  by  using  sputter  depo¬ 
sition  sources  when  techniques  such  as  vacu¬ 
um  vapor  deposition  are  not  suitable.  However, 
depth  profiling  may  be  strongly  influenced  by 
the  atomic  collisions  that  occur  during  the 
sputtering  process.  Effects  such  as  preferential 
sputtering,  projectile  implantation,  recoil 
implantation,  and  atomic  mixing  all  contribute 
to  uncertainties  in  analysis  results.  In  surface 
layer  preparation,  ion-beam  energies  and  cur¬ 
rents  must  be  selected  to  produce  the  desired 
etching  or  deposition  rate  needed.  In  all  these 
applications,  sputtering  rates  must  be  known 
for  proper  instrument  calibration.  Thus,  there 
exists  a  need  in  the  scientific  community  for 
standard  reference  materials  (SRM)  for  sputter 
depth  calibration. 

This  problem  was  addressed  in  a  collabora¬ 
tive  effort  with  the  National  Bureau  of 
Standards  (NBS)  (now  National  Institute  of 
Standards  and  Technology)  in  which  NBS  pre¬ 
pared  the  targets  and  performed  sputtering 
analyses  and  White  Oak  characterized  the  sam¬ 
ples  using  RBS.  RBS  was  chosen  as  the  analy- 
.sis  technique  since  it  is  essentially  nondestruc¬ 
tive  for  the  type  of  targets  studied  and  it 
requires  no  calibration  standards.  Multilayered 
.structures  were  prepared  by  alternately  sputter 
depositing  in  situ  layers  of  approximately 
60  nm  each  of  chromium  (Cr)  and  nickel  (Ni) 
for  a  total  of  nine  layers,  with  Cr  forming  the 
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outermost  layer.  Figure  la  shows  the  schemat¬ 
ics  of  a  four-layer  Cr/Ni  system  and  the  layer 
components  which  contribute  to  an  RBS  spec¬ 
trum.  The  RBS  spectrum  obtained  with  an 
incident  2.0-MeV  4He  beam  scattered  at  a  labo¬ 
ratory  angle  of  165°  from  a  nine-layer  structure 
is  shown  in  Figure  lb.  Since  the  energy  of  the 
He  scattered  from  the  first  layer  of  Cr  is  almost 
the  same  as  the  energy  from  the  first  layer  of  Ni 
(second  film  layer),  and  so  forth,  the  nine-layer 
structure  resolves  itself  into  a  five-peaked  RBS 
spectrum.  RBS  measurements  were  made  on 
three  samples  randomly  selected  from  each  of 
three  prepared  batches  for  a  total  of  nine  sam¬ 
ples.  These  studies  show  that  the  standard 
deviation  in  the  film  thickness  of  like  films 
within  any  given  batch  and  from  batch  to  batch 
is  less  than  3  percent.  As  a  result  of  these  RBS 
studies  and  companion  Auger  studies  conduct¬ 
ed  at  NBS,®  the  Cr/Ni  structures  were  offered  as 
an  SRM  by  NBS  to  the  scientific  community.® 


Space-Based  Mirrors 

A  joint  study  with  the  Naval  Air  Warfare 
Center,  China  Lake,  was  undertaken  to  deter¬ 
mine  the  effect  of  high-energy  ion  bombardment 
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Figure  1.  Schematics  of  a  four-layer  Cr/Ni 
structure  and  the  components  of  the  corre¬ 
sponding  Rutherford  backscatter  spectrum  (a). 
Typical  Rutherford  backscatter  spectrum  of  2 
MeV  “’He  scattered  from  a  multilayered  Cr/Ni 
structure.  Xs  indicate  the  measured  spectrum, 
and  the  solid  curve  is  that  obtained  from  the 
computer  simulation  code  (b). 


on  the  reflectivity  of  multilayered,  highly  reflect¬ 
ing  mirrors  proposed  for  the  advanced  beam 
control  system  (ABCS).  This  high  reflectivity  is 
achieved,  in  part,  by  coating  the  mirror  surface 
with  paired  quarter-wave  layers.  Each  pair  con¬ 
sists  of  a  quarter-wave  compound  with  a  high 
index  of  refraction  and  a  quarter-wave  com¬ 
pound  with  a  low  index  of  refraction.  Since  the 
spacecraft  containing  the  ABCS  system  is 
designed  to  be  viable  over  a  period  of  five  years 
in  a  space  environment,  it  is  important  to  con¬ 
sider  the  effects  on  the  mirror  coatings  which 
might  result  from  radiation  the  space  vehicle 
would  encounter  at  the  proposed  operational 
altitudes.  Ion-beam  radiations  and  ion-beam 
materials  analysis  were  conducted  using  the  2.5- 
MeV  Van  de  Graaff  Accelerator  Facility.  Mirror 
structures  studied  consisted  of  quarter-wave  lay¬ 
ers  of  zinc  sulfide  (ZnS)  and  aluminum  oxide 
(AI2O3)  on  a  substrate  with  layers  of  chromium 
oxide  (Cr203).  silver  (Ag).  and  Cr  on  Ultra  Low 
Expansion  (ULE)  glass.  A  schematic  of  the  mir¬ 
ror  structure  along  with  the  expected  thicknesses 
is  shown  in  Figure  2.  These  mirrors  were  irradi¬ 
ated  with  protons  at  energies  and  fluences  that 
simulate  the  five-year  space  environment  the 
mirror  would  be  expected  to  encounter.  Optical 
evaluation  and  response  to  exposure  to  high 
energy  laser  radiations  on  the  proton-irradiated 
mirrors  by  China  Lake  show  that  the  effects  of 
the  proton  irradiation  were  negligible.'®  Figure 
3  shows  the  RBS  spectrum  obtained  by  scatter¬ 
ing  2-MeV  ^He  at  a  lab  angle  of  150°.  In  the  fig¬ 
ure,  the  dots  represent  the  experimental  points, 
and  the  solid  line  is  the  result  of  a  simulated 
spectrum  in  which  the  layer  thickness,  con¬ 
stituent  elements,  and  their  atomic  concentra¬ 
tions  are  adjusted  to  give  a  “best  fit"  to  the 
experimental  spectrum.  The  energy  contribu¬ 
tions  to  the  spectrum  from  the  components  of 
the  target  mirror  are  shown  on  the  figure.  The 
RBS  spectra  also  show  no  effects  from  the  space 
environment  simulation.  However,  the  measure¬ 
ments  do  show  that  the  film  density  of  the  AI2O3 
is  about  50  percent  of  the  bulk  density.  This 
lower  value  is  not  too  surprising  if  the  layer  is 
amorphous,  but  could  indicate  that  these  mirrors 
might  undergo  surface  damage  should  they 
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Figure  2.  Space  mirror  .structure  for  quarter- 
wave  layers  of  ZnS  and  AI2O3  on  reflecting 
substrate. 
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Figure  3.  RBS  spectrum  of  2-MeV  '‘He  scat¬ 
tered  from  a  multicoated  ABCS  mirror  structure 
shown  in  Figure  2.  The  dots  are  the  experi¬ 
mental  points  and  the  solid  curve  the  simulated 
spectrum  generated  hy  varying  the  elemental 
concentrations  and  the  layer  thicknesses  to  ob¬ 
tain  a  “best  fit”  to  the  experimental  values.  The 
contributions  of  the  various  elements  in  the 
mirror  target  to  the  energy  spectrum  are  shown. 

encounter  mechanically  stressed  conditions.  In 
addition,  it  was  determined  that  the  Ag  layer  is 
nearly  twice  as  thick  as  originally  thought. 

Diamond  Recrystallization 

Diamond  and  diamond-like  films  are  one  of 
the  most  important  new  areas  of  materials 
research  to  emerge  in  the  last  few  decades. 
These  films  have  great  potential  for  use  as  hard, 
transparent  surface  coatings  with  excellent  heat 
conductivity,  making  them  ideal  as  protective 
coatings  for  various  .structures.  In  addition,  the 
manufacture  of  substitutional  doped  n-  or  p- 
type  semiconducting  diamond  or  diamond 
films  will  make  it  possible  to  fabricate  high¬ 
speed  electronics  with  high  thermal  conductivi¬ 
ty.  The  properties  of  these  materials  will  revolu¬ 
tionize  the  thermal  management  of  sophisticat¬ 
ed  electronics,  especially  in  space  applications 
where  this  need  is  a  particular  problem.  In 
addition,  the  inherent  hardness  of  carbon-based 
materials  to  radiation  damage  makes  diamond 
electronics  icseful  for  space  and  nuclear  envi¬ 
ronments. 

One  of  the  major  obstacles  for  semiconductor 
128  application  is  the  development  of  a  process  for 
substitutional  doping  of  the  diamond  to  obtain 
the  proper  electrical  characteristics.  This 
process  must  either  fabricate  this  material  with¬ 
out  damaging  the  diamond  or  recrystallize  the 
damaged  diamond  through  an  appropriate 
annealing  technique.  Fundamental  studies 


have  been  initiated  to  study  this  recrystalliza¬ 
tion  problem. 

Natural  type  II-A  diamond,  a  very  rare  type 
which  is  practically  free  of  nitrogen  and  is 
transparent  to  ultraviolet  above  225  nm.“  is 
implanted  with  carbon  (introducing  no  impuri¬ 
ties)  at  a  high  energy  to  form  an  amorphous  car¬ 
bon  layer  deep  under  the  diamond  surface. 
Optical  transmission  scans  as  a  function  of  par¬ 
ticle  fluence  were  measured.  The  results  indi¬ 
cate  that  the  transmission  is  increasingly 
reduced  with  increasing  fluence  throughout  the 
entire  ultraviolet-visible-infrared  optical  region. 


Figure  4a.  Typical  optical  transmission  scan 
for  an  unimplanted  natural  type  II-A  diamond 
chip,  showing  near  uniform  transmi.ssion 
through  the  UV-visible-IR  region.  The  sharp 
cutoff  at  225  nm  is  characteristic  of  type  II-A 
natural  diamond. 


Figure  4b.  Optical  transmission  as  a  function 
of  wavelength  for  a  carbon-ion  implanted  dia¬ 
mond  (fluence  of  1  x  10“’  atoms/cm^)  before 
and  after  thermal  annealing  at  1000°C  for  .30 
minutes.  Note  the  restoration  of  the  transmis¬ 
sion  at  longer  wavelengths  with  virtually  no 
re.storation  for  the  shorter  wavelengths. 
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Figure  4a  shows  a  typical  scan  for  an  unim¬ 
planted  diamond  chip.  The  characteristic  cut¬ 
off  at  225  nm  is  seen  clearly.  Thermal  anneal¬ 
ing  of  the  samples  at  con.stant  temperature  does 
not  restore  the  diamond  to  its  original  transmis¬ 
sion  characteristics,  especially  in  the  shorter 
wavelengths,  and  hence  the  diamond  is  not 
properly  recrystallized.  However,  in  Figure  4b, 
it  is  obvious  that  there  is  some  restoration  at 
the  longer  optical  wavelengths.  A  program  is 
currently  under  way  to  pursue  this  problem 
further  with  other  annealing  methods  such  as 
pulsed-laser  or  energetic  electrons. 


Thin-Film,  High-Temperature  Superconductors 

In  a  collaborative  study  with  the  U.S.  Army 
Research  Laboratory  in  Adelphi,  Maryland,  the 
fabrication  (consisting  of  deposition  and 
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Figure  5.  RBS  spectra  for  an  "as  deposited” 
(top)  and  a  "thermally  annealed”  (bottom)  sam¬ 
ple  of  a  Til  2Ba2Ca2Cu30i„  superconducting 
film.  The  "as  deposited"  film  is  highly  uni 
form,  while  the  annealed  film  is  not  uniform 
and  shows  a  sub.stantial  lo.s.s  of  thallium,  as 
indicated  by  the  sharply  reduced  level  in  the 
spectrum. 


annealing)  of  thin-film  high  T(.  .superconduc¬ 
tors  was  studied.  One  series  of  studies  concen¬ 
trated  on  the  process  of  utilizing  an  eximer 
laser  to  ablate  bulk  thallium-barium-calcium- 
copper-oxide  (Tl^  2Ba2Ca2Cu;,Oio)  supercon¬ 
ducting  material  onto  a  silicon  substrate  and 
the  subsequent  thermal  annealing  to  activate 
the  film.  Results  of  the  RBS  and  FIXE  analysis 
indicated  surprising  thermal  effects.  Figure  5 
shows  two  RBS  spectra  obtained  for  an  “as 
deposited"  and  a  “thermally  annealed”  sample 
of  a  Tlj  2Ba2C^2^u.iOio  blni.  It  can  be  seen 
that,  while  the  “as  deposited"  film  is  highly 
uniform,  the  spectrum  for  the  annealed  film 
indicates  a  substantial  loss  of  thallium  (highlv 
undesirable  for  safety  and  electronic  concerns) 
and  a  significant  segregation  of  the  remaining 
barium,  copper,  and  calcium.  A  study  was 
then  initiated  to  examine  the  possibility  of 
annealing  the  film  on  the  substrate  while  depo¬ 
sition  was  taking  place.  The  substrates  were 
heated  and  the  films  examined  to  determine  the 
relationship  between  substrate  temperature  and 
Tdm  stoichiometry.  Figure  6  presents  the 
results  of  this  investigation,  indicating  that  the 
optimum  substrate  temperature  for  laser  abla¬ 
tion  deposition  to  obtain  stoichiometric  condi¬ 
tions  from  a  thallium-rich  bulk  target  is  near 
450°C.  While  this  material  is  inherently  unsta¬ 
ble  and  therefore  not  amenable  to  this  type  of 
processing,  additional  work  on  yttrium-barium- 
copper-oxide  (YBa2Cu30)  and  samarium-bari- 
um-copper-oxide  (SmBa2Cu30)  indicated  more 
positive  results  and  helped  establish  laser  abla¬ 
tion  as  a  viable  technique  for  stoichiometric 
deposition  of  high-T,.  superconductor  films.^^ 


Figure  6.  In  situ  substrate  temperature  depen¬ 
dence  of  the  stoichiometry  of  Tl2Ba2Cu3Ca20i„ 
thin  superconducting  film  fabricated  from  a  T1 
rich  bulk  target.  Optimum  temperature  is 
450°C.  All  data  are  normalized  to  the  barium 
atomic  percent. 
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Summary 

The  foregoing  discussion  gives  an  overview 
of  the  use  of  ion-beam  materials  analysis  and 
modification  atul  presents  several  examples  of 
their  use  for  materials  problems  of  potential 
interest  for  naval  applications.  It  is  hoped  that 
these  examples  are  illustrative  of  the  broad 
capability  of  these  techniques  available  at 
White  Oak  and  their  potential  power  for  future 
investigations.  Perhaps  the  most  exciting  stud¬ 
ies  today  are  those  involving  diamond  and  dia¬ 
mond-like  films,  because  of  the  highly  desir¬ 
able  and  promising  characteristics  of  this  mate¬ 
rial.  However,  detailed  results  concerning  the 
composition  and  stoichiometry  of  the  super¬ 
conducting  candidate  materials  and  the  Cr/Ni 
SRM  typify  the  usefulness  of  ion  beam  tech¬ 
niques. 
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Microbiologically  Influenced  Corrosion 
Of  Copper  Alloys 

f.  M.  Jones-Meehan,  B.  /.  Little,  P.  A.  Wagner  and  R.  I.  Ray 


Copper  (Cu)  and  nickel  (Ni)  alloys  such  as  CDA  706  and  Monel 
400  are  used  in  military  and  commercial  applications  because  of 
good  corrosion  resistance  combined  with  mechanical  workability, 
excellent  electrical  and  thermal  conductivity,  and  resistance  to 
macrofouling.  This  article  describes  case  histories  of  microbiologi¬ 
cally  influenced  corrosion  (MIC)  in  a  CDA  706  seawater  piping  sys¬ 
tem  after  approximately  one  year  of  seawater  service  and  of  Monel 
400  tubing  after  exposure  to  estuarine  water  for  six  months.  Pits 
developed  under  surface  deposits  of  mixed  bacterial  communities 
that  contained  10^-t(fi  sulfate-reducing  bacteria  (SRB).  The 
observed  corrosion  was  attributed  to  a  combination  of  differential 
aeration  cells;  c  large  cathode,  small  anode  surface  area;  concen¬ 
tration  of  chlorides;  development  of  acidity  within  the  pits;  and  the 
specific  reactions  of  the  base  metals  with  sulfides  produced  by  the 
SRB.  Chlorine  and  sulfur  appear  to  have  reacted  selectively  with 
the  iron  and  nickel  in  the  alloys.  Nickel  had  been  selectively 
removed  from  the  pitted  areas,  leaving  a  copper-rich,  spongy  pit 
interior.  The  environmental  scanning  electron  microscope  (ESEM) 
offered  a  nondestructive  method  for  imaging  wet  biofilms  on  sur¬ 
faces  taken  directly  from  liquid  medium  without  any  sample 
preparation.  Anaerobic,  copper-tolerant  bacterium  (isolated  from 
a  Cu-containing  marine  coating)  produced  large  amounts  of  extra¬ 
cellular  polymer  that  had  metal-binding  ability.  Biofilms  of  this 
microbe  resulted  in  a  fivefold  increase  in  the  corrosion  rate  of  Cu 
metal.  The  corrosion  appeared  to  be  uniform  with  no  localized 
attack.  The  data  obtained  from  these  studies  provides  a  more 
accurate  image  of  biofilms,  including  the  amount  of  polymer- 
bound  metals  in  biofilms  and  MIC  on  copper-containing  surfaces. 


Introduction 

Copper  and  nickel  alloys  have  a  long  history  of  successful  application  in  the 
marine  environment.  Copper  alloys  are  frequently  used  for  seawater  piping 
systems  and  heat  exchangers  due  to  good  corrosion  resistance  combined  with 
mechanical  workability,  excellent  electrical  and  thermal  conductivity,  ease  of 
soldering  and  brazing,  and  a  resistance  to  macrofouling.  Alloying  nickel  and 
iron  into  copper  alters  the  corrosion  product  and  improves  corrosion  resis¬ 
tance.  CDA  706  (an  alloy  containing  88.5%  copper.  10%  nickel,  and  1.5% 
iron)  has  been  shown  to  be  the  most  corrosion  resistant  copper-based  alloy  for 
seawater  service.^  Nickel  alloys  such  as  Monel  400  (containing  66.5%  nickel 
and  31.5%  copper  and  1.25%  iron)  have  been  used  extensively  in  highly 
aerated,  fast-moving  seawater  environments  such  as  evaporators,  heat  exchang¬ 
er  pumps  and  valves,  diffusers  for  steam  nozzles  in  steam  ejectors,  and  turbine 
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blades.-  A  passive  film  similar  in  structure  to 
that  observed  on  pure  nickel  is  formed  on  Ni- 
Cu  alloys  having  more  than  30%  Ni,  while 
alloys  containing  less  than  this  amount  of  Ni 
behave  like  copper.  * 

Copper  and  nickel  alloys  are  susceptible  to 
several  types  of  localized  corrosion.  Premature 
corrosion  failures  in  predominantly  copper 
alloys  have  been  attributed  to  erosion  corrosion 
caused  by  the  removal  or  breakdown  of  the  pro¬ 
tective  film  by  mechanical  forces,  such  as  local 
turbulence  or  impingement  *  and  under¬ 
deposit  corrosion.*’  In  high-velocity  seawater. 
Monel  alloys  are  superior  to  predominantly 
copper  alloys  because  the  protective  surface 
film  remains  intact  under  highly  turbulent  and 
erosive  conditions.^  Monel  is  susceptible  to 
pitting  and  crevice  corrosion  attack  under  stag¬ 
nant  conditions.**  **’  Gouda  et  al.**  de.scribed 
premature  failures  of  Monel  400  cooler  tubes  in 
a  refinery  utilizing  Arabian  Gulf  seawater. 

These  failures  were  due  to  SRB  under-deposit 
attack  resulting  in  intergranular  corrosion 
(.selective  leaching  of  nickel  and  iron),  leaving 
copper-rich  cavities.  Gouda  et  al.'^  described 
the  SRB  attack  of  UNS  N04400  (Monel  400) 
both  in  field  tests  in  Arabian  Gulf  seawater  and 
in  laboratory  tests.  The  SRB  attack  initiated 
beneath  a  black  sulfide-rich  deposit  overlaid  by 
a  green  chloride-rich  deposit  and  a  beige- 
colored  calcareous  scale.  Both  field  and  labora¬ 
tory  testing  showed  that  the  extent  of  the  SRB 
attack  increased  with  increasing  exposure  times 
(from  .50  to  70  days)  and  absence  of  chlorina¬ 
tion,*^  An  SRB  biofilm  on  Monel  heat 
exchangers  under  low-flow  chlorinated  .seaw'a- 
ter  conditions  resulted  in  complete  perforation 
of  several  tubes  (thickness  2  mm)  within  three 
to  eight  months  of  service.  •- 

Differential  aeration,*  *  selective  leaching.*"* 
under-deposit  corrosion.''^  and  cathodic  depo¬ 
larization**’  have  been  reported  as  mechanisms 
for  MIC  of  copper  and  nickel  alloys.  Pope*^  has 
proposed  that  the  following  microbial  products 
accelerate  localized  attack:  CO2.  H2S.  NH  ,. 
organic  and  inorganic  acids,  metabolites  that 
act  as  depolarizers,  and  sulfur  compounds  such 
as  mercaptans,  sulfides,  and  disulfides.  Gee.sey 
et  al.'**  have  demonstrated  that  bacterial  exo¬ 
polymers  can  play  a  role  in  the  corrosion  of 
copper  alloys.  Mechanisms  of  metal  deteriora¬ 
tion  based  on  metal-binding  abilities  of  bacteri¬ 
al  exopolymers  have  been  reported  by  Bremer 
and  Geesey'*’  and  Ford  et  al.^*’  These  include: 
(1)  a  reduction  of  free  ion  concentration  at  the 
metal  surfat;e  that  promotes  further  ionization 
to  maintain  equilibrium,  (2)  differential  com- 
plexation  by  different  exopolymers  causing  the 
formation  of  ion  concentration  cells,  and 
(3)  metals  bound  from  .solution  reacting  with 
surface  ions. 


This  article  describes  collaboration  between 
the  biotechnology  laboratory  at  the  Naval 
Surface  Warfare  Center  Dahlgren  Division’s 
White  Oak  Detachment  and  the  Naval  Research 
Laboratory  Detachment  (Stennis  Space  Center. 
Mississippi)  on:  (1)  case  studies  of  biocorro¬ 
sion  in  a  CDA  706  seawater  piping  system  after 
a  service  life  of  approximately  one  year  and  in 
Monel  400  tubing  after  exposure  to  e.stuarine 
water  for  six  months,  (2)  laboratory  .studies  of 
copper-containing  alloys  exposed  to  anaerobic 
bacteria  including  SRB.  and  (3)  the  electro¬ 
chemical  measurements  and  surface  analyses 
of  copper  coupons  exposed  to  an  aerobic, 
marine  bacterium. 


Materials  And  Methods 

Case  Histories 

A  heavily  pitted  section  of  CDA  706  piping 
(15  cm  length  x  2.5  cm  inside  diameter  (I.D.). 
wall  thickness  3.6  mm)  was  removed  from  the 
seawater  piping  system  of  a  surface  ship  after 
approximately  one  year  of  seawater  service. 

During  operation  of  the  ship,  the  .seawater  pip¬ 
ing  system  had  been  maintained  with  continu¬ 
ously  flowing  .seawater  (1.6  m/sec)  at  a  maxi¬ 
mum  temperature  of  30°C.  During  the  12  to  18 
months  of  the  shipbuilding  process,  the  system 
had  been  operated  with  estuarine  water  from 
the  Gulf  of  Mexico  with  intermittent  flow  and 
long  periods  of  stagnation.  At  the  time  of 
removal,  the  pitted  piping  was  subsectioned  for 
SRB  enumeration  in  the  bioLdm  and  for  surface 
chemical  analyses.  Subsections  were  placed  in 
refrigerated  4  percent  glutaraldehyde  in  filtered 
seawater.  The  fixed  samples  were  taken 
through  a  series  of  distilled  water  washes,  de¬ 
hydrated  through  acetone  and  xylene  washes, 
and  air-dried.^**  Surface  chemical  analyses  were 
performed  with  a  KEVEX-7000  energy  disper¬ 
sive  X-ray  spectrometer  (EDS)  coupled  to  an 
AMK/'^Y  lOOOA  scanning  electron  microscope 
(SEM).  Subsections  were  sputter-coated  with 
gold  for  scanning  electron  micrographs. 

Monel  400  tubes  (6.0  meters  x  20  mm  I.D.. 
wall  thickness  1.9  mm)  were  maintained  with 
intermittently  flowing  (1.5  m/sec)  and  with 
stagnant  Gulf  of  Mexico  water  for  approximate¬ 
ly  six  months.  After  one  month  of  continuous 
flow,  the  water  in  the  tube  .section.s  was 
allowed  to  stagnate  for  one  week,  after  which 
the  flow  was  resumed.  At  the  conclusion  of 
the  test  period,  tubes  were  cross  .sectioned.  133 

visually  inspected,  scraped  for  SRB  enumera¬ 
tion.  and  prepared  for  SEM/EDS  analy.ses  as 
previously  described. 
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Water  Analyses 

Water  collected  from  the  seawater  piping  sys¬ 
tem  and  from  the  (adf  of  Mexico  was  analyzed 
for  salinity,-’  dissolved  oxygen.-^'  pH,  chlorini- 
ty,--  total  suspended  solids,^’’  total  organic  car¬ 
bon,--  and  total  dissolved  sulfate.^-  Dissolved 
sulfides  were  measured  using  a  modification  of 
the  method  described  by  Strickland  and  Par¬ 
sons^  *  that  uses  a  10  cm  c:ell  to  increase  sensi¬ 
tivity  (detection  limit  is  6,5  ppb).  Numbers  of 
SRB  in  the  flow-through  water  and  in  the  bio¬ 
film  were  estimated  by  the  most  probable  num¬ 
ber  method,  using  a  medium  containing  lactate 
as  the  electron  donor  and  carbon  source  made  to 
the  salinitv  of  the  seawater,"’’’ 


MIC  by  SRB  in  Laboratory  Studies 

The  isolation,  maintenance,  and  characteriza- 
.  on  of  the  mixed  communities  consisting  of 
anaerobic  (SRB)  and  facultatively  anaerobic 
(non-sulfate  reducers)  microbes  have  been  des¬ 
cribed  previously.^^’  Table  1  describes  the  origi¬ 
nal  i.solation  of  the  seven  mixed  communities 
containing  SRB  and  the  hydrogena,se  test  results 
for  the  SRB.  Cu-containing  alloys  were  exposed 
in  the  laboratory  to  anaerobic,  mixed  communi¬ 
ties  containing  SRB.  At  the  end  of  the  exposure, 
surface  topography  and  chemistry  were  docu¬ 
mented  using  an  Electroscan  Model  E-50  ESEM 
and  a  Tracor  Northern  Model  5502  EDS.  Cou¬ 
pons  were  removed  from  the  culture  medium, 
taken  through  a  scries  of  salt  water/di.stilled 
water  washes,  and  examined  directly  from  dis¬ 
tilled  water. 


Aerobic.  Bacterial  Corrosion  in  Laboratory 
Studies 

Wagner  et  al.^''  described  aerobic  corrosion 
experiments  involving  a  gram  negative,  marine 
bacterium  (tentatively  identified  as  Ocean- 
ospirillum  isolated  from  a  cuprous-oxide- 
painted  surface  expo.sed  to  subsurface  ocean 
water  for  two  months.  Electrochemical  corro¬ 
sion  experiments  involved  99  percent  Cu. 
round  disc  electrodes  (1  cm-)  placed  in  EG&G 
PARC  corrosion  cells.  Baseline  open-circuit 
potential  (E,.„rr)  and  polarization  resistance 
(Rp)  measurements  were  obtained  with  the  Cu 
electrodes  in  sterile,  aerated  artificial  seawater: 
nutrients  were  then  added,  and  E,.„rr  and  Rp 
were  measured  again:  finally,  the  Oceano- 
spinllum  was  adried  and  the  measurements 
were  repeated.  Bulk  pH  values  were  recorded 
when  Rp  measurements  were  taken.  Rp  data 
were  analyzed  to  provide  anodic  and  cathodic 
Tafel  slopes  and  corrosion  rates. 

The  metal-binding  capacity  of  the  bacterial 
exopolymers  was  evaluated  by:  (1)  exposing 
Cu  di.scs  to  the  culture  medium  with  and 
without  the  Cu-tolerant  bacterium  for  20  days 
and  then  measuring  the  amount  of  Cu  in  the 
two  .solutions  with  a  Perkin-Elmer  Model  .'tO.lO 
atomic  absorption  spectrometer  coupled  to  an 
HGA  500  furnace,  and  (2)  placing  glass  slides 
and  a  corroding  metal  disc  (99'li)  Cu.  .316 
stainless  steel  or  1018  carbon  steel)  in  flasks 
which  were  inoculated  with  the  Cu-tolerant 
bacterium.  The  metal  bound  by  the  biofilm  on 
the  glass  slides  was  qualitativelv  measured 
with  ESEM/EDS. 


Table  1.  Hydrogena.se  Activity  in  the  Mixed.  Microbial  Populations  Containing 

Sulfate-Reducing  Bacteria  (SRB) 


Culture* 

Isolated  Originally  On: 

Material  -t-  Topcoat(s) 

Hydrogenase  Activity** 
2-1/2  h  4  h  24  h 

I 

4140  .Steel  +  5  Step  Iron  Phosphate 

0 

+1 

+2 

II 

4140  Steel  +  5  Step  Iron  Phosphate  +  Epoxy 

+1 

+1 

+2 

III 

4140  Steel  +  Zinc  Plate 

+2 

+2 

+2 

IV 

4140  Steel  +  IVD-Aluminum  +  Nvion 

+2 

+2 

+2 

V 

4140  .Steel  +  5  .Step  Iron  Phosphate  +  Nylon 

0 

0 

0 

VI 

Carbon  Steel  +  Proprietary  Primer  and 
Topcoats 

0 

0 

0 

VII 

Aluminum  Alloy  +  Epoxy  +  Polyurethane 

0 

0 

+2 

Ciilluros  l-V  worn  i.solatod  from  a  con.slant  immersion  flumn  lank  at  the  Dahlgren  Division  s 
l-l.  l,atuinrcloln.  (Florida)  Dniachmont.  Culture  VI  was  isolated  from  the  seawater  piping 
system  of  a  surface  ship  at  Long  Beach  Naval  .Station.  Long  Beach.  California.  SRB  in 
cvillures  1-VI  require  NaCI  for  growth  Ihat(jphilic).  Culture  VII  was  isolated  from  moi.slure 
trapped  under  the  cargo  ramp  of  a  C-131)  transport  plane  at  NADER,  Cherrv  Point.  North 
Carlina.  SRB  in  culture  VII  are  facullalive  halophilns  (do  not  need  NaCl  for  growth  but  can 
grow  in  .seawater  concentrations  of  NaCl). 

*  *  Activity  of  lh«!  hvdrognna.se  enzyme  is  mna.sured  with  a  Cnprocn  Hydrogenase  Te.sl  Kit. 

The  rating  system  is  from  0  to  .1.  A  negative  reaction  is  rated  as  (),  weak  reaction  is  +1  (0 
to  0..5  nmol  of  hydrogen  uplake/min).  moderate  reaction  is  +2  (0.0.5  to  5  nmol  of  hydrogen 
uplake/inin)  and  a  strong  reaction  is  -t-.'l  (5  to  5,000  nmol  of  hydrogen  uptake/min) 
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Results 

Case  Histories 

The  surface  of  the  CDA  706  pipe  was  heavily 
pitted  (Figures  1  and  2).  Surface  deposits  w'ere 
thick  and  multilayered,  varying  in  color  with 
depth.  Outermost  layers  were  dark  green  to 
reddish  hrown.  Bright  bluish-green  deposits 
were  found  on  the  surface  in  unpitted  areas. 

Pit  interiors  were  black,  and  pit  depths  were 
typically  1.7  mm  to  2.0  mm.  A  cross  section 
through  the  pitted  areas  exposed  subsurface 
bacteria  within  the  thin,  black  deposit  and  a 
spongy  subsurface  (Figure  3).  Scrapings  from 
the  area  within  the  pits  indicated  the  presence 
of  1  X  lo'’  SRB  cm’^.  compared  to  1  x  lO'  SRB 
cm'^  detected  within  the  surface  film  on  the 
unpitted  areas.  The  EDS  spectrum  of  the  base 


metal  showing  the  relative  concentrations  of 
iron,  nickel,  and  copper  is  shown  in  Figure  4a. 
An  EDS  spectrum  taken  in  the  bactt^rial  layer 
showed  concentrations  of  aluminum,  silicon, 
phosphorus,  sulfur,  calcium,  and  chlorine  in 
addition  to  elevated  amounts  of  iron  and  nickel 
(Figure  4b.c).  The  EDS  spectrum  of  the  spongy 
layer  under  the  bacteria  indicated  an  accumula¬ 
tion  of  phosphorus  and  a  depletion  of  nickel 
(Figure  4d). 

Water  removed  from  the  failjul  pipe  section 
v\'as  typical  of  seawater  (salinity.  3.5  0/00: 
dkssolved  oxygen.  6.4  mg  L  ’:  pH.  8.2:  total 
organic  carbon.  1.8  mg  L"':  total  suspended 
solids.  3.0  mg  L"':  and  total  di.s.solved  sulfate. 
2.4  g  L  ’).  Dissolved  sulfides  were  below  the 
detection  limits.  SRB  concentration  in  the  bulk 
seawater  was  typically  1  x  lO’-lO-  cc  *. 


Figure  1.  Cross  sections  of  CDA  706  piping 
after  one  year  in  seawater  service  shows  two 
examples  of  thick  surface  deposits  and  pitting. 


Figure  2.  SEM  mic:rograph  of  a  pit  in  CDA  706 
piping  after  one  year  in  seawater  service. 


Figure  3.  SEM  micrograph  of  hiofilm  (bacteria, 
microbial  metabolites,  microbial  polymers,  and 
inorganic  ion  deposits)  in  cross  .section  of  CDA 
706  pitted  area. 
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Figure  4.  (a)  EDS  spectrum  of  clean  CDA  706  before  exposure;  (b)  EDS  spectrum  of  pitted  region  of 
CDA  706  showing  an  accumulation  of  aluminum,  silicon,  phosphorus,  sulfur,  calcium,  and  elevated 
amounts  of  iron  and  nickel:  (c)  EDS  spectrum  of  pitted  region  of  CDA  706  showing  the  accumulation 
of  chlorine  and  elevated  amounts  of  nickel  and  iron;  (d)  EDS  spectrum  of  the  spongy  material 
beneath  bacteria  showing  an  accumulation  of  phosphorus,  an  enrichment  of  iron,  and  a  depletion  of 
nickel  in  the  base  of  the  pit. 

Visual  examination  of  the  Monel  tubes  indi-  suspended  solids  ranged  from  10  to  65  mg  L’’. 

cated  a  multilayered  scale  and  localized  attack.  Dissolved  oxygen  varied  from  4.3  mg  L  ’  during 

The  .scales  were  characterized  by  surface  blis-  the  summer  to  10.8  mg  L’’  during  the  winter 

ters  (Figure  5  a,c)  that  contained  corrosion  months.  Dissolved  sulfides  were  below  the  de¬ 
products  and  bacteria.  The  concentration  of  tection  limits.  The  mean  concentration  for  sul- 

SRB  within  these  surface  deposits  was  typically  fates  (804'^)  was  2.5  gm  L  *.  SRB  concentration 

1  X  10“*  cm'^.  Removal  of  the  scale  expo.sed  in  the  estuarine  water  was  1  x  10^  to  10-^  cc’^ 

localized,  irregular-shaped  pits  that  averaged 
0.4  mm  wide  x  1.0  mm  deep  (Figure  5  b,d). 

The  EDS  spectrum  corresponding  to  unexposed  ESEM  and  EDAX  Analyses  of  Wet  Biofilms 
Monel  400  indicated  the  relative  amounts  of  Established  on  Copper  and  Brass 

copper,  nickel,  iron,  and  manganese  in  the 

alloy  (Figure  6a).  The  EDS  spectrum  from  the  All  copper-containing  metals  exposed  to 

black  layer  within  the  pits  shows  an  accumula-  anaerobic  communities  containing  SRB  were 

tion  of  sulfur  and  chlorine  along  with  increased  covered  with  black,  sulfur-rich  deposits  (Fig- 

amounts  of  iron  compared  to  the  base  alloy  ure  7  b.d),  while  samples  exposed  to  growth 

irjfi  (Figure  6b).  Physical  removal  of  the  biofilm  medium  only  (no  SRB)  showed  a  thin,  black, 

from  the  pit  expo.sed  a  copper-rich  region  that  tenacious  layer  on  99  Cu  and  no  black  deposits 

was  depleted  in  nickel  and  iron  (Figure  6c).  on  brass  (Figure  7  a.c).  ESEM  micrographs  of 

During  the  te.st  period,  the  Gulf  of  Mexico  copper  foils  (Figure  8)  and  bra.ss  foils  (Figure  9) 

estuarine  water  temperature  varied  from  9°C  to  showed  heavy  microbial  colonization  of  the 

30°C:  pH  varied  from  7.4  to  8.2:  and  chlorinity  surfaces  with  a  variety  of  cell  morphologies, 

varied  from  4.3  to  20.0  0/00  Cl',  which  indi-  The  extracellular  microbial  polymers  (polysac- 

caled  a  range  of  salinity  from  7.7  to  37.  Total  charides)  produced  by  bacteria  are  a  strong 
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Figure  9.  KSEM  micrographs  of  three  different  mixed  microbial  commnnili<?s  containing  SKH  on 
brass  foils. 
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varied  among  the  SRB  cultures  (see  Table  2). 
but  the  sulfide  layers  on  99  Cu  were  consistent¬ 
ly  nonadherent,  with  much  of  the  deposits 
sloughing  off  into  the  growth  medium.  Sulfide 
corrosion  products  on  copper  alloys  were  more 


Table  2.  Thickness  of  Copper  Foils  and  Sulfide 
Lavers  After  4-Month  Incubation 


Thickness  of 
Base  Metal 

Thickness  of 
Sulfide 
Layer 

Copper  Foils 

(microns) 

(microns) 

Sterile.  Unexposed 

128 

0 

Medium  -  NaCl 

120 

6 

Medium  +  NaCl 

110 

12 

Culture  I 

100 

3-5 

Culture  II 

80 

6 

Culture  III 

60 

8 

Culture  IV 

65 

6 

Culture  V 

80 

6 

Culture  VI 

70 

4 

adherent,  while  the  sulfide  layers  on  brass 
were  thin  and  difficult  to  scrape  from  the  sur¬ 
face.  In  all  cases,  bacteria  were  closely  associ¬ 
ated  with  the  sulfur-rich  deposits  and  many 
bacteria  were  encrusted  with  deposits  of  cop¬ 
per  sulfides  (data  not  shown).  Table  3  is  a 
summary  of  the  elemental  composition  of  90 
Cu:10  Ni  and  70  Cu:10  Ni  before  and  after  colo¬ 
nization  bv  cultures  11  and  VII.  The  sulfide 


layers  were  enriched  in  iron  and  nickel  for  both 
alloys,  while  the  biofilm  on  90  Cu:10  Ni  con¬ 
tained  elevated  amounts  of  manganese. 


Aerobic  Bacterial  Corrosion  Studies 

After  three  days  in  the  minimal  glutamate 
medium,  the  Cu-tolerant  bacterium  was  used  to 
inoculate  the  electrochemical  cells.  Fewer 
bacteria  attached  to  316  stainless  steel  and  to 
nickel  201  discs  compared  to  99  Cu  discs.  The 
bacteria  that  were  attached  to  the  99  Cu  discs 
produced  copious  amounts  of  extracellular 
polymer.  No  localized  corrosion  was  observed 
on  the  copper  surface.  The  electrochemical 
data  for  copper  in  sterile  artificial  seawater,  in 
sterile  glutamate  medium,  and  in  the  bacterial 
culture  is  shown  in  Table  4.  Eco„  increased  by 
145  mV  within  37  days  after  bacteria  were 
added,  and  a  fivefold  increase  in  corrosion  rate 
was  measured.  There  was  not  a  significant 
change  in  Tafel  constants  when  the  discs  were 
exposed  to  bacteria. 

For  evaluating  the  metal-binding  capacity  of 
the  Cu-tolerant  bacterium  and  its  exopolymers, 
the  bacteria  were  allowed  to  colonize  glass 
slides  in  the  presence  of  corroding  metal  discs. 
The  EDS  data  for  the  elements  concentrated  on 
the  glass  slides  indicate  that  the  Cu-tolerant 
bacterium  and  its  exopolymers  are  capable  of 


Table  3.  Weight  Percent  of  Elements  as  Determined  by  EDS  Analyses 


90/10 

Base 

Metal 

90/10  90/10  With 

Colonized  Bioiilm 

with  Culture  II  Removed 

70/10  70/30 

Base  Colonized  with 

Metal  Culture  VII 

70/30 

Under 

Biofilm 

.Si 

0.67 

0.69 

0.61 

0.68 

S 

7.44 

14.57 

0.006 

11.06 

9.11 

Mn 

0..i 

0.92 

0 

0.78 

Fe 

1.4 

25.9,5 

5.48 

0.51 

15.82 

1.81 

Ni 

9.6 

20.06 

2.91 

29.41 

28.78 

15.46 

Cu 

HH.2 

44.:i4 

77.0.1 

69.09 

42.97 

71.41 

Zn 

0.1 

0.02 

Table  4. 

Electrochemical  Corrosion  Data  for  99  Cu  Exposed  to 
Aerobic,  Marine  Bacteria 

3.3%  sterile  Sterile.  Artificial 
Seawater  Seawaler/Glutamate 
(5  Days)  (5  Days) 

Artificial  Seawater/ 
Glutamate  and  Bacteria 

9  Days  37  Days 

Ba  (mV) 

10.9 

19.2 

22.6 

18.9 

B,:  (mV) 

14.1 

25 

12.4 

26.1 

Icorr  (ilA/rm2) 

0.84 

0.51 

1.9 

2.7 

E,:orr  (mV  .SCE) 

-127 

-174 

-281 

-229 

Rp  (ohm-cm^) 

8418 

7704 

2722 

582 

pH 

8 

8.2 

6.6 

8.2 
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Figure  11.  EDS  spectra  showing  copper  (a)  and  iron  (b)  uptake  from  solution. 


binding  copper  and  iron  from  solution  (Fig¬ 
ure  11).  In  a  separate  experiment,  solutions 
from  flasks  with  copper  discs  exposed  to  gluta¬ 
mate  growth  medium  without  bacteria  and  to 
the  same  media  with  Cu-tolerant  bacteria  were 
examined  by  atomic  absorption  spectroscopy. 
The  data  showed  that  copper  solution  concen¬ 
trations  were  higher  (430  ppm)  in  abiotic  glu¬ 
tamate  medium  (no  bacteria  added)  compared 
to  the  same  medium  with  the  Cu-tolerant  bac¬ 
terium  (10  ppm).  The  copper  removed  from 
the  corroding  disc  surface  was  bound  within 
the  biofilm. 


Discussion 

Copper  alloys  prevent  or  retard  the  settle¬ 
ment  of  macrofouling  species  such  as  barnacles 
and  mussels.^^"^^  However,  bacteria,  microal¬ 
gae,  protozoa,  and  their  cellular  exudates  form 
a  slime  layer  on  copper-containing  sur- 
faces,^®-’^  Marszalek  et  al.^^  documented  that 
copper  fouled  at  a  slower  rate  than  stainless 
steel  and  glass  surfaces,  that  fungi  were  con¬ 
spicuously  absent  on  copper  surfaces,  and  that 
diatoms  appeared  only  after  copper  surfaces 
were  covered  with  a  microfouling  layer  of 
bacteria/extracellular  polymer.  There  are  some 
microorganisms  that  survive  elevated  levels  of 
copper  by  using  detoxification  mechanisms 
such  as  extracellular  complexation-’^  and  intra¬ 
cellular  complexation.'^^  Copper  is  strongly 
bound  by  organic  material;-^®'^®  therefore, 
organic-complex  formation  is  an  important  fac¬ 
tor  in  determining  the  toxicity  of  the  metal  in 
aquatic  environments.  The  aerobic  marine  bac¬ 
terium  Vibrio  alginolyticus  responds  to  copper 
added  during  logarithmic  growth  with  a  lag  in 
growth  proportional  to  the  amount  of  copper 
added.^^  During  the  lag  period,  copper-induci- 
ble  compounds  with  molecular  masses  of  about 
26  kDa  and  28  kDa  are  produced,  and  these 
compounds  bind  copper  extracellularly.^^-^* 


A  thick  biofilm  of  copper-tolerant  marine 
bacterium  was  present  on  copper-containing 
surfaces.  The  EDS  data  (see  Figure  11)  and  the 
atomic  absorption  data  described  above 
demonstrate  that  this  copper-tolerant  bacteri¬ 
um  can  bind  metal  from  solution  as  well  as 
from  a  corroding  substratum.  Electrochemical 
measurements  showed  a  fivefold  increase  in 
the  corrosion  rate  of  copper  in  the  presence  of 
this  copper-tolerant  bacterium.  Geesey  et  al.^® 
have  demonstrated  that  bacterial  exopolymers 
promoted  deterioration  of  metallic  copper  and 
exhibited  saturation  binding  of  copper  ions  in 
aqueous  solutions.  Microcolonies  within  a 
biofilm  could  form  copper  concentration  cells 
with  adjacent  areas  in  the  biofilm  that  contain 
less  reactive  polymer,  thereby  promoting  dete¬ 
rioration  of  copper  surfaces.  From  the  experi¬ 
ments  described  here,  it  is  not  possible  to  veri¬ 
fy  how  the  copper  is  bound  by  the  bacterium 
and  its  exopolymers. 

Corrosion  can  range  from  highly  uniform  to 
highly  localized.  Pitting  in  predominately  cop¬ 
per  alloys  has  been  attributed  to  under-deposit 
attack.  Under-deposit  corrosion  is  extremely 
important  for  these  alloys  because  it  initiates  a 
series  of  events  that  are  individually  or  collec¬ 
tively  extremely  corrosive."*  In  the  two  case 
studies  reported  here,  SRB  were  isolated  from 
localized  deposits  associated  with  pits.  SRB,  a 
diverse  group  of  anaerobic  bacteria,  can  be  iso¬ 
lated  in  many  anaerobic  habitats,  but  their 
principal  habitat  is  the  marine  environment 
where  the  concentration  of  sulfate  in  seawater 
is  high  (typically  2  gm  L'*)  and  fairly  con- 
stant.'^^  Seawater  piping  systems  have  high 
surface  areas  at  which  nutrients  can  concen¬ 
trate,  predisposing  these  systems  to  biofilm  for¬ 
mation.'*”  Once  a  biofilm  reaches  a  thickness 
of  200  um,  the  metal/biofilm  interface  can 
become  anaerobic  and  provide  a  niche  for  sul¬ 
fide  production  by  SRB.** 

The  impact  of  sulfides  on  the  corrosion  of 
copper  alloys  has  received  a  considerable 
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amount  ofattimtion.  Little  et  al.'*-  ’*  *  tiocu- 
mtmted  localized  t  orrosion  ot  c.opper  alloys  by 
SRB  in  estuarine  environments.  In  tln^  case 
reportiul  here.  KUS  spectra  for  the  pittcul  CDA 
70b  indicate  that  the  nickel  hatl  been  selective¬ 
ly  nmioved  from  th(;  alloy  in  the  presence  of 
SRB.  A  detailed  discussion  of  mechanisms  for 
selective  attack  and  dealloying  has  been 
addressetl  by  Schreir."* 

Bticause  the  pitting  potential  of  Monel  is 
20  mV  to  .10  mV  below  the  open  circuit  poten¬ 
tial.  Monel  has  a  teiuhmcy  for  the  initiation  of 
pitting  in  chloride-containing  environments 
where  the  passive  film  can  be  disturbed. 

Under  stagnant  conditions,  chlorides  can  pems- 
trate  the  passive  film  at  weak  points,  causing 
pitting  attack.  Sulfides  can  cause  either  a  mod¬ 
ification  of  the  oxide  layer  as  for  copper  or  a 
breakdown  of  the  oxide  film  of  Ni-based  alloys. 
Pit  initiation  and  propagation  depend  on  the 
depth  of  exposure,  temperature,  and  pre.sence 
of  surface  deposits.”  "  ''  Uionda  et  al.'  ’ 
demonstrated  pitting  of  Monel  400  tubes 
exposed  in  Arabian  Culf  seawat«;r.  Pits  devel¬ 
oped  under  deposits  of  SRB  and  nickel  had 
been  .selectively  dealloyed. * 

In  the  case  rejrorted  here,  biocorrosion  of  the 
Monel  400  tube  was  characterized  by  pit  for¬ 
mation  under  blisters  containing  SRB. 
Differential  aeration  cells  appear  to  have  been 
created,  with  low  concentration  of  oxygen 
immediately  underneath  the  deposits,  which 
creates  an  anaerobic  environment  for  SRB.  The 
surface  area  under  the  deposit  becomes  anodic 
and  corrodes  while  the  electrons  that  are  gener¬ 
ated  react  at  the  cathodic  region  of  high  oxygen 
concentration.  (Chlorine  and  sulfur  had  accu¬ 
mulated  within  the  pit  and  had  reacted  with 
the  iron  and  nickel  in  the  alloy.  There  was  a 
.selective  leaching  of  nickel  from  the  alloy, 
leaving  a  spongy,  copper-rich  material  in  the 
base  of  the  pit. 

ESEM  offers  a  nondestructive  method  for 
observing  the  activity  of  microbial  biofilms. 
Scientists  al  the  Naval  Re.search  Laboratory 
Detachment  (NRL  Det.)  were  the  first  investiga¬ 
tors  to  use  ESEM  to  evaluate  aerial  coverage, 
topography,  and  microbiological  and  chemical 
composition  of  marine  biofilms  on  metal  sur¬ 
faces.  Much  of  the  data  on  biofilm  formation 
and  chemical  composition  have  been  generated 
using  traditional  SEM/EDS  analy.ses  which 
result  in  preparation  artifacts.  ESEM  allows 
one  to  examine  wet  biofilms  on  surfaces  taken 
directly  from  liquid  medium  without  any  sam- 
pie  preparation.  Also.  EDS  analysis  can  be  per¬ 
formed  at  the  .same  lime  the  .sample  is  being 
viewed  anri  phofographerl. 

This  article  contains  photographs  from  wet 
biofilms  of  the  same  marine,  mixed  culture  on 
copper  foil  and  brass  foil.  Experiments  are 
ongoing  in  our  laboratories  to  compare  wet 


biofilms  using  ESE.M/EDS  analy.ses  with 
biofilm  images  and  EDS  analyses  obtained  after 
•sample  fixation  and  dehydration.  Several 
marine  mixed  cultures  and  a  non-marine  mixed 
cultun?  were  incmbaled  with  copper  foil,  brass 
foil.  ‘10:10  copper-nic:keL  and  70:.10  copper- 
nickel.  rhe  data  obtained  from  these  studies 
will  provide  a  more  accurate  image  of  natural 
biofilms  on  imdal  .surfat;es.  including  the 
amount  of  polymer-bound  metals  in  the 
Iriofilms. 

Summary 

Alloying  iron  and  nickel  into  copper  alters 
the  corrosion  product  and  improves  corrosion 
resistance.  Microbiologif;ally  produced  sidfides 
appear  to  react  preferentially  with  nickel  and 
iron  in  copper  alloys.  Therefore,  any  benefit 
these  alloying  constituents  provide  to  the  corro¬ 
sion  proler;tion  of  the  alloy  are  lost  in  the  pres¬ 
ence  of  SRB  where  selective  dealloying  is  sug¬ 
gested. 

ESEM/EDS  offer  a  nondestructive  method  for 
imaging  wet  biofilms  on  surfaces  taken  directly 
from  liquid  medium  withoid  any  .sample  prepa¬ 
ration.  ESEM/EDS  studies  of  coj)})er  and  brass 
foils  showed  a  diverse  assemblage  of  microbes 
colonizing  Ihest?  surfaces,  as  well  as  the  chemi¬ 
cal  composition  of  the  wet  biofilm/corrosion 
layers. 

An  aerobic,  copper-tolerant  bacterium  (iso¬ 
lated  from  a  Cu-containing  marine  coating)  pro¬ 
duced  large  amounts  of  extracellular  polymer 
that  had  metal-binding  ability.  Biofilms  of  this 
microbe  resulted  in  a  fix  efold  increa.se  in  the 
corrosion  rale  of  Cu  metal.  The  corrosion 
appeared  to  be  uniform,  with  no  localized 
attack.  The  increased  corrosion  rate  accompa¬ 
nied  by  an  increased  E,  suggests  that  the 
enhanced  corrosion  rate  is  mainly  due  to  an 
acceleration  of  the  rate  of  the  cathodic  reaction 
which  might  involve  the  Cu“‘^/Cu‘^  couple. 
There  is  also  the  possibility  that  the  exopoly¬ 
mers  are  acidic,  thereby  promoting  the  deterio¬ 
ration  of  cop|)er. 
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Radiation  Hardness  of  New  Thulium- 
Doped  Calcium  Sulfate  Dosimeters 

K.  Chakrabarti,  /.  Sharma,  V.  K.  Mathur,  and  R.  J.  Abbundi 


Tbulium-doped  calcium  sulfate  is  tbe  tbermoluminescent  mate¬ 
rial  of  choice  for  tbe  new  personnel  dosimetry  system  developed  by 
tbe  Dabigren  Division,  tbe  Navy’s  Lead  Laboratory  and  Technical 
Direction  Agent  for  radiation  detection.  This  very  sensitive  materi¬ 
al  can  easily  be  heated  and  read  by  using  a  carbon  dioxide  laser. 
Although  this  system  is  primarily  being  developed  for  low-level 
personnel  dosimetry,  it  also  has  the  potential  for  application  to 
battlefield  dosimetry.  We  are  therefore  investigating  the  integrity  of 
this  thermoluminescent  material  under  high  dose  and  high  dose 
rate.  X-ray  photoelectron  spectroscopy  studies  have  shown  that 
the  material  remains  in  its  proper  chemical  state  even  after  radia¬ 
tion  doses  up  to  the  10  gray  (100  rad  ~  1  gray)  range.  In  terms  of 
robustness  to  radiation  damage,  only  in  the  10,000  gray  dose  range 
does  the  phosphor  show  partial  decomposition. 


Introduction 

For  some  years  now  researchers  and  regulators  alike  have  sought  to  improve 
the  method  of  accurately  measuring  an  individual’s  exposure  to  ionizing  radia¬ 
tion.  Most  of  these  efforts  in  dosimetry  focus  on  producing  stable,  sensitive 
thermoluminescent  (TL)  phosphors.  "These  phosphor  materials  are  capable  of 
absorbing  radiation  and  storing  this  energy  by  the  creation  and  distribution  of 
charge  carriers.  Heating  the  phosphors  at  a  later  time  causes  redistribution  of 
charge  carriers  in  the  material,  with  subsequent  release  of  stored  energy  in  the 
form  of  light.  The  amount  of  light  given  off  is  proportional  to  the  initial  expo¬ 
sure  to  radiation. 

The  subject  of  dosimetry  is  of  particular  interest  due  to  the  unique  environ¬ 
ment  in  which  the  Navy  operates.  Because  personnel  assigned  to  nuclear-pow¬ 
ered  ships  may  be  confined  to  those  vessels  for  extended  periods  of  time,  the 
Navy  maintains  an  extensive  radiation  detection  and  personnel  protection  pro¬ 
gram  both  aboard  ships  and  in  shipyards. 

The  White  Oak  Detachment  of  the  Dahlgren  Division  is  the  designated  Lead 
Laboratory  and  Technical  Direction  Agent  for  the  Naval  Sea  Systems  Com¬ 
mand  in  the  area  of  radiation  detection.  For  well  over  a  decade,  this  laboratory 
has  played  a  major  role  in  the  calibration,  standardization,  and  quality  assur¬ 
ance  of  the  Navy’s  personnel  dosimetry  system.  In  addition  to  these  programs, 
we  are  involved  in  research,  development,  and  testing  of  a  new-generation 
146  dosimetry  system  based  on  rapid  laser  heating. 

The  work  reported  here  deals  with  investigation  of  the  properties  of  thulium 
(Tm^*)  doped  calcium  sulfate  (CaS04).  Dysprosium  (Dy’"^)  or  thulium  (Tm-’*) 
doped  calcium  sulfate  (CaS04)  is  by  now  a  well  established  thermolumines¬ 
cence  dosimetry  material  with  a  very  desirable  dosimetric  peak  at  approxi¬ 
mately  220°C.  This  peak  is  stable  at  room  temperature  and  sensitive  to  low 
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liKliiitioii  (l()st;s.  M()r(!()V(!i'.  this  malJiriiil  is 
(|uilt^  siiili)l)lo  lor  lioiitio^  hy  an  infranal  carlxin 
(lioxido  lasor  tlirougli  strong  |)hoton-|)lion<tn 
coupling.  Tluis.  thnliuin-dopod  calcintn  sullatn 
is  Ihn  phosphor  ol Clioici;  lor  thi;  Navy’s  slativ 
ol-lho-art  ptirsonnol  dosimolry  svstnin,  cnrronl- 
ly  unilor  full-scain  dovniopinonl.  Although  tho 
systcMii  is  inlondod  primarily  lor  p(!rsonn«d 
dosimoti , .  it  is  considorod  dosirahiti  that  it  also 
havt;  thn  potential  ol  porldrming  hattlel'iold 
dosimetry.  Therefoixc  it  is  important  to  investi¬ 
gate  tlie  integrity  ol  this  I'h  material  under  high 
(lose  and  high  dose  rate. 

Although  thes(!  materials  are  considcfred  to 
1)(!  among  tlu;  Ixist  for  p»!rsomH!|  dosimetry, 
amhiguity  still  (txists  ahout  th(!  m(;chanisni  of 
ri.  emissions  and  the  nature  of  charge  trap|)ing. 
Uesid(!s  th(!  dosimetric  [leak.  tlmre  exist  two 
low-intensity,  lower-temperature  pemks  at 
approximately  HO ’Cl  and  120''(;.  Fhere  is  also  a 
higher  temp*irature  peak  observed near 
:t00  Several  invaxstigators  have  attemptcxl  to 
identify  the  origins  of  these  TL  peaks.  Hazimu- 
ra  et  ah'  have  attributed  the  300°('  peak  to  hy¬ 
persulfite  (S();i)  radicals,  and  the  120”(^  and 
22t)”C;  |jeaks  to  sulfate  (SC):j)  and  sulfite  (SC)[j) 
radicals,  respectively.  Namhi  (U  al.^’  also  oh- 
.served  electron  spin  resonance  (liSK)  signals 
from  SO5.  S()^.  and  ()yi  radicals.  Morgan  and 
Stoehe-  hav«!  suggested  that  the  I'L  peak  at 
-200  (■  is  due  to  the  rehxise  of  the  first  hole 
from  the  center  with  two  trapped  holes,  and  the 
peak  -300  is  due  to  the  release  of  the  second 
hole  from  the  same  center.  Las  et  al.*’  consid¬ 
ered  a  V~  center  as  a  deep  trap  and  a  V‘*  centesr 
as  a  shallow  trap.  (V“  indicates  a  positive  ion 
vacancy  holding  a  positive  charge,  thus  the 
t(!rm  "d()ep  traj)  center."  V",  a  "shallow  trap 
center."  has  two  units  of  positivt?  charg*?.)  A  V- 
typ*!  cent(!r'  “  consists  of  a  cation  vacancy  with 
a  hole  trappcid  in  it.  the  hole  l«>ing  shanxl  hy 
the  adjacent  anions.  Lxposure  to  ionizing  radi¬ 
ations  such  as  Y  rays  and  x-rays  produces  (dec- 
tron  hoh;  pairs.  The  holes  trappeui  at  the  cation 
vacanci(!S  and  shanul  hy  tin;  adjac(mt  .S()4  ions 
form  V-lvp{!  c(ml(!r.s.  'I’lie  cation  vacancievs  an; 
forimul  in  tin;  lattic*!  for  charg(!  compimsalion 
vvlnm  the  trivalent  ions  as  l)y  or  I'm  replact; 
th(!  divahmt  (ia~*  ions. 

In  well  (established  V-ty|M!  centers  in  magiu!- 
sium  oxide  (Mgt)).  a  cation  vacancy  and  the  ad¬ 
jacent  oxyg(m  (O'  )  ion  form  a  V”  c(inl(!r  with  a 
configuration'';  ()-  - |Mg  vacancy!  -  0“.  The 
()~  ions  are  paramagindic.  and  HSR  signals  ar«i 
(»hs(!rv(;(l  from  lh(es(!  centers.'*’  lla/.imura  (d  al.' 
and  Namhi  (d  al.  ’  ()hs(!rv(xl  LSR  signals  from 
SOij  ions  in  (’.aS()4.  which  hy  (hdinition  appfxir 
to  he  similar  to  V-ly|)e  centiirs  ohs(!rv(!(l  hy  Uis 
(d  al."  llowawer.  they  (dso  report(ul  formations 
of  olh(!r  radicals.  We  inv(!sligated  Tnr*^  dopi^d 
(;aS()4  hy  x-ray  ph()toel(M;tron  spectroscopy 


(XPS),  which  r(!\(ial(!(l  tin;  partial  (l(!composi- 
tion  of  (]a.S()4  at  a  high  x-ray  dose  and  the  for¬ 
mation  of  sulfiti!.  thi()sulfat(>.  and  some  suHnhe 
'I’Iki  (hjcomposition  is  clearly  (‘videnced  hy  tin; 
d(!V(tlopm(!nt  of  structun!  in  the  (;or(?  hnads  of 
the  XPS  sp(;ctra  of  sulfur.  Also,  ninv  p(niks 
appear  and  grow  in  tlu!  valenc(!-l(!V{‘l  sp(!ctra. 
The  highest  occupied  stat(!  shows  structun!  and 
hroadtiiis  towards  smalhir  hinding  (!n(!rgy.  indi¬ 
cating  that  the  hand  gap  has  (hu-nxised.  This 
indication  is  accomi)ani(!d  hy  a  sharj)  in(:r(!as(! 
in  th(!  optical  absorption  sp(!ctrum  at  a  wav(!- 
length  of  22.'i  nanonuitiirs  (nm).  and  tlu!  mat(!ri- 
al  begins  to  ('xhihit  idtraviolet  (I  IV)  in(luc(!(l 
t  luirmol  u  m  i  n(!sc(!nce. 


Experimental 

(;a.S()4:  I’m  in  fiiu!  powrhir  form  was  ohtaimid 
from  rehulyne  Isotopes.  Inc.  .Samphis  in  tin: 
form  of  )M!llets  were  jirejiared  hy  pr(!ssing  the 
pow(l(!r  at  liOOO  psi  in  a  hydraulic  pr(!ss  and 
sint(!ring  at  a  temperature  of  appr()ximal(!|y 
lOOOX;  in  air  for  12  to  20  hours.  A  cesium'  *' 

(Cs' '")  .source  with  a  (l()S(!  rat(!  of  20  gray  (gy) 
p(!r  hour  was  usiid  for  y  irradiation.  TL  glow 
curves  w(!r(!  record(!(l  with  a  Harshaw  K(!ad(!r 
4000  with  an  X-Y  r(!cor(h!r  attaclnxl  to  its  out¬ 
put.  The  h(!ating  rat(!  was  2  (’./s  '.  Optical 
absorption  m(?asur(!m(!nts  wtire  imuh!  hy  tlu! 
t(!chni(pie  of  (liffus(!  r(!fl(!ctivity  l)tdw(!(!n  wav(!- 
l(!ngths  of  220  nm  to  800  nm  using  a  Varian 
2300  sp(n:troph(d()ni(!ier.  TIk!  .s(!nsitivity  of  tlu! 
diffu.se  refl(!cting  barium  sulfate  (BaS()4)  coat(!d 
sph(!re  restricts  nieasnrem(!nts  to  wav(!h!ngths 
above  220  nm.  TIk!  XPS  sp(!ctra  wen!  invt!sti- 
gated  by  using  a  Kratos  LS  300  ii\strvuu(!nt 
without  an  x-ray  monochromator.  I’or  the 
study  of  radiation  damagt!.  tlu!  x-ray  sourci!  of 
th(!  XP.S  instrniiKint  (13  KV.  12  nia)  was  us(!(l 
to  irra(liat(!  tlu!  mat(!rial.  It  provi(l(!(l  a  do.se  rate 
of  4  Kgy  per  minut(!.  As  th(!  mat(!rial  did  not 
(!asily  show  radiation  damagi!.  ratlu!!  high 
(los(?s  (up  to  37.2  Mgy)  w(!r(!  us(!(l  to  follow  the 
(:hang(!s.  A  control  XP.S  sp(!(:trum  is  (h!fin('(l  as 
th(!  sp(!ctrum  prior  to  radiation  damage,  i.e.. 
vvh(!n  the  exposure  hn  el  is  Im!Iow  0.03  gy. 

Experimental  Results 

I’iguri!  1  shows  a  s(!(pi(!nc(!  of  11,  glow  curv(!s 
from  a  single  sinter(!d  sample  of  (’.a.S()4;  rm. 

(’,urv(!  1  r(!pr(!,s(!nls  the  glow  curve  imxisunxl 
from  40  (1  to  300  afl(!r  tlu!  sam|)l(!  is  (!xp()S(!(l  14 

to  an  unfilli!r(!(l  nuircury  (Hg)  lamp  for  one 
minuti!.  Afl(!r  tlu!  first  glow  curve  nu'asure- 
m(!nt.  till!  .sampli!  was  y  irr.idiatiul  at  a  dose  of 
0.30  gy  and  the  TL  glow  cur\’e  was  m(!asnn!(l. 
as  shown  hy  curve  2.  Thi!  sampli!  was  thiin 
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Figure  1.  A  sequence  of  thermoluminescence 
spectra  observed  at  a  temperature  range  40°C  - 
360°C  from  the  same  sintered  sample  of 
CaS04:Tm  following;  (1)  exposure  to  an  Hg 
lamp,  (2)  gamma  irradiation,  (3)  expo.sure  to  an 
Hg  lamp,  (4)  gamma  irradiation,  an  800°C 
anneal,  and  exposure  to  an  Hg  lamp. 
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Figure  2.  Optical  absorption  spectra  of 
CaS04:Tm.  Curve  1  is  for  y  irradiated  (<1  Kgy 
dose)  powder  sample  and  Curve  2  is  for  the 
same  powder  sample  after  it  is  annealed  to 
800°C  following  Y  irradiation.  Curve  3  is  for  the 
sintered  sample,  and  Curve  4  is  for  the  heavily 
y-irradiated  (Mgy  dose)  powder  .sample. 
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exposed  to  the  unfiltered  Hg  lamp  again  for  one 
minute,  and  the  results  shown  in  curve  3  were 
observed.  Finally,  the  sample  was  y  irradiated 
at  a  dose  of  0.30  gy.  annealed  to  800°C  for  half 
an  hour,  and  then  exposed  to  the  Hg  lamp  for 
one  minute.  The  result  is  seen  in  glow  curve  4. 

The  TL  glow  curves  of  sintered  CaS04:Tm 
(Figure  1)  show  a  TL  peak  at  approximately 
300°C.  which  can  be  generated  only  by  UV 
light.  Shinde  et  al.’’  observed  that  y  radiation 
of  CaS04:Dy  produces  TL  peaks  as  high  as 
~420°C  and  520°C.  They  also  observed  that  UV 
light  phototransfers  charge  carriers  from  the 
traps  responsible  for  the  420°C  and  520°C  TL 
peaks  to  the  220°C  dosimetric  peak.  In  order  to 
avoid  the  phototransfer  process,  we  annealed 
the  material  to  800°C  following  y  irradiation. 
The  sample  was  then  exposed  to  UV  light.  The 
TL  peak  at  approximately  300°C  was  still 
observed  (curve  4).  This  indicates  that  in  sin¬ 
tered  CaS04:Tm.  UV  light  can  produce  the 
~300°C  TL  peak.  Both  glow  curves  1  and  4 
were  generated  by  UV  light.  However,  curve  3 
might  be  due  to  a  combination  of  the  UV-gener- 
ated  TL  glow  curve  plus  a  contribution  from 
the  phototransfer  process. 

Figure  2  shows  the  optical  absorption  spec¬ 
tra  of  CaS04:Tm.  Curve  1  represents  the  pow¬ 
der  sample  after  being  y  irradiated  with  a  dose 
of  0.9  Kgy.  A  weak  absorption  peak  at  approxi¬ 
mately  240  nm  is  observed.  This  peak  shifts  to 
a  lower  wavelength  at  -230  nm.  and  sharply 
increases  when  this  y  irradiated  sample  is  heat¬ 
ed  at  800°C  for  half  an  hour  (curve  2).  Curve  3 
represents  the  optical  absorption  spectrum  of 
the  unirradiated  sintered  sample.  In  this  sam¬ 
ple.  the  absorption  band  continues  to  grow  at 
220  nm.  the  minimum  wavelength  we  could 
scan  using  the  diffu.sed  reflecting  sphere. 


Binding  Energy  (eV) 

Figure  3.  X-ray  photoelectron  spectrum  of  the 
sulfur  (2p)  core  level  in  (a)  control  and  (b)  x-ray 
damaged  CaS04:Tm. 


Evidently,  this  absorption  band  is  further  peak- 
shifted  to  a  lower  wavelength.  A  similar 
absorption  spectrum  with  absorbance  >3.0  in 
the  UV  region  is  observed  in  a  powder  sample 
irradiated  by  x-ray  at  a  high  dose  (1  Mgy). 

Upon  observing  this  pattern  in  the  optical 
absorption  spectra,  we  conclude  that  the  heat 
treatment  and  radiation  damage  causes  this 
material  to  absorb  in  the  UV  region  of  about 
6  eV.  Our  further  study  of  x-ray  photoelectron 
spectra  confirmed  this  view.  The  results  of 
XPS  studies  also  helped  us  to  understand  the 
mechanism  leading  to  the  increa.se  in  the 
absorption  band  in  the  UV  region,  and  conse¬ 
quently  the  300°C  peak  generated  by  the  UV 
light.  This  peak  was  not  observed  in  unsin¬ 
tered  powder  CaS04:Tm.  as  reported  earlier."* 

Figure  3  shows  the  sulfur  (2p)  core  level 
from  XPS  spectra  of  (a)  a  control  sample  and 
(b)  a  heavily  irradiated  sample  (1  Mgy)  of 
CaS04:Tm  powder.  The  development  of  three 
small  peaks  on  the  right-hand  side  of  the  main 
peak  is  evidence  of  new  products  from  radia¬ 
tion  damage.  Based  on  the  results  of  Prins*^  '*^ 
and  Novakov,*^  these  peaks  are  interpreted  to 
arise  from  the  decomposition  of  sulfate  into 
sulfite,  thiosulfate,  and  sulfide.  In  order  to 
show  the  trend  of  the  decomposition,  a  series  of 
such  measurements  was  made  with  doses  up  to 
37.2  Mgy:  the  results  are  shown  in  Figure  4.  It 
is  obvious  that  even  at  the  massive  37.2  Mgy 
dose,  no  more  than  10  percent  of  the  material  is 
affected.  In  fact,  at  a  dose  of  0.1  Mgy.  no  sign 
of  decomposition  was  observed.  Thus,  the 
CaS04:Tm  powder  is  very  resistant  to  radiation 
damage.  Generally  this  type  of  dosimeter  is 
used  for  measuring  irradiation  that  is  a  hun¬ 
dred  million  times  smaller  than  1  Mgy. 

The  above  results  are  upheld  by  the  changes 
in  the  valence-band  region  of  the  XPS  spectra. 
Figure  5  shows  the  growth  of  a  new  peak  at  6  eV 
in  a  heavily  irradiated  (37.2  Mgy)  .sample.  Thus, 
the  changes  experienced  by  the  core  levels  of 
the  atoms  due  to  chemical  alterations  are  also 
reflected  in  the  valence  band. 
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Figure  4.  Percent  decomposition  of  sulfate  into 
sulfite,  thiosulfate,  and  sulfide  as  a  function  of 
x-ray  dose. 
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The  XPS  study  of  the  valence-band  region 
has  also  provided  an  explanation  of  the 
increased  optical  absorption  in  the  220-nm 
region.  As  mentioned  earlier,  sintering  at 
excessively  high  temperature  causes  an 
increase  in  the  optical  absorption  spectrum  at 
220  nm.  as  shown  by  curves  3  and  4  in  Fig¬ 
ure  2.  XP  spectrum  of  the  valence-band  region 
of  the  sintered  material  (Figure  6)  gives  a  peak 
at  6  eV  in  the  XP  spectrum,  similar  to  that 
caused  by  x-ray  irradiation  as  seen  in  Figure  5. 
It  can  be  concluded  from  the  work  described 
above  that  sintering  causes  damage  to  the  mate¬ 
rial  similar  to  that  of  high-dose  x-rays.  During 
preparation  of  the  samples,  excessive  heating  is 
to  be  avoided. 


Conclusion 

The  current  work  has  demonstrated  that 
CaS04:Tm  is  an  excellent  material  to  be  used 
in  dosimetry.  As  is  well  known,  it  is  sensitive 
and  reliable  for  measuring  radiation  doses  over 
a  wide  range.  In  terms  of  susceptibility  to  radi¬ 
ation  damage,  it  is  also  quite  robust.  In  these 
experiments,  no  signs  of  any  decomposition 
were  observed  up  to  0.1  Mgy  dose,  which  is  a 
few  million  times  larger  than  doses  generally 
encountered.  The  material  shows  significant 
radiation  damage  only  above  1  Mgy,  when  the 
sulfate  begins  to  partially  break  up  into  sulfite. 


Binding  Energy  (eV) 

Figure  5.  Valence  band  XPS  spectra  of  control 
and  radiation  damaged  powder  phosphor  of 
CaS04:Tm. 


thiosulfate,  and  .sulfide.  The  current  work  also 
provides  an  explanation  of  the  optical  absorp¬ 
tion  in  the  220-nm  range  seen  in  some  samples. 
This  phenomenon  arises  from  sintering  at 
excessively  high  temperature,  which  should 
therefore  be  avoided  in  .sample  preparation.  It 
is  therefore  concluded  that,  when  exposed  to  a 
surface  warfare  environment.  CaS04:Tm  would 
not  lose  its  integrity  as  a  dosimetric  material. 
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